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Organic pesticides such as herbicides, insecticides and fungicides are abundantly 
applied to agricultural soils each year. Once introduced into the environment, the chemical 
and physical properties of a pesticide determine its fate. Fate of a pesticide refers to its 
transport, retention and degradation in the environment. 
Pesticide degradation depends on the pesticide's chemistry, as well as environmental 
factors, such as temperature, soil moisture content, amount of organic matter, and soil pH. 
Slow degradation of pesticides in soil environments can result in adverse environmental 
consequences. Slow degradation may result from chemical resistance of pesticide or due to 
inaccessibility of the pesticide for microbial degradation within the soil particles (Ainsworth 
et al., 1993; Weber et al., 1993). 
Mobility of pesticides can result either in redistribution of it within the application 
site or movement away from the application site to other areas (Kerle et al., 1996). 
Movement of the pesticide may occur by release into water as industrial effluents, by direct 
pesticide applications, or by pesticide leaching or runoff thereby introducing an 
environmental risk (U.S EPA, 1986, ATSDR, 1995). 
Pesticide retention in soils is highly variable, from a few hours, to days, to months, to 
years. Application of the pesticide to soil may be followed by sorption to soil particles, 
vegetation, or other surfaces and remain near the site of deposition. Study of bonding 
interactions on a soil as whole is complicated as there are several interrelated factors that 
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play significant roles in the behavior of both sorbents and sorbates (Sposito, 1994; Myneni, 
2002). Therefore understanding the interaction between sorbate molecules and a single 
component of soil is a helpful tool. 
Soil organic matter (SOM) and soil clay minerals are very important active 
components in soils due to their physical and chemical properties. Soils rich in clay or 
organic matter, or both, have a high potential to adsorb pesticides. Organic matter has a high 
affinity for non-polar organic pesticides. Therefore soils enriched with organic matter tend to 
dominate adsorption of such compounds (Laird et al., 2002). 
Soil clay minerals also have the potential to contribute to sorption of polar organic 
pesticides (Harper 1988; Mingelgrin et al., 1983; Konopka et al., 1991; Laird et al., 2002). 
Amongst the various clay minerals found in soils smectites, due to their abundance in 
agricultural soils and large surface area, have the greatest potential for herbicide sorption 
(Laird et al., 1992). In order to elucidate the bonding mechanisms responsible for the 
interactions between an herbicide and smectites, it is important to understand the sorption 
behavior on smectites. 
4, 6- Dinitro-o-cresol (DNOC) 
Uses: 
DNOC ( 4, 6 - dinitro-ortho-cresol) is a dinitrophenol that was commonly used as an 
herbicide in the past. Several other uses of DNOC are as a fungicide, insecticide, and micro-
biocide and most recently in the plastics industry as an inhibitor of polymerization in styrene 
and vinyl (Hawley, 1981, U.S. EPA, 1988). It is registered in a number of countries for use 
as an acaricide, larvicide and ovicide to control the dormant forms of many insects in 
3 
orchards. It is applied as 'winter wash' on pomes (apples and pears), stone fruits and grapes 
(IPCS, 2000). 
Although EPA cancelled registration of this pesticide, volumes of obsolete stocks do 
exist and are being used around the world (IPCS, 2000). Use of this compound over time has 
resulted in contamination of soils, sediments, groundwater, aquifers, and streams. The 
worldwide annual production ofDNOC was approximately 2000 tons in the 1950's, all of 
which was used in agriculture. Currently, of the 600 tons or so manufactured annually, 400-
500 tons are used in industry and 100-200 tons as an agrochemical (IPCS, 2000). 
Physicochemical properties: 
DNOC, a nitroaromatic compound is a yellow prismatic solid with a molecular 
weight of 198.13 g/mole. It is a weak acid, with a pKa of about 4.35-4.46 (Sheng et al., 
2001). At pH of 4.4, approximately 50 % of the molecule exists in its ionic form. The 
concentration of the anionic form increases with pH. It is soluble in alkaline aqueous 
solutions, ether, acetone and alcohol but sparingly soluble in water (198 mg/L) and 
petroleum ether (Tomlin, 1997, Merck Index, 1989, and U.S EPA, 1988). DNOC has a vapor 
pressure of 1.6 x 10-2 Pa at 25 °C and as.a result, it has a Henry's law constant of 2.46 x 10-7 
atm m3 /mol (IPCS, 2000). DNOC therefore has no potential to volatilize from surface waters. 
Degradation of DNOC: 
Half-life is an overall empirical estimate of the length of time in which half of the 
original amount of the applied pesticide will disappear. This estimate takes into account 
physical, chemical, and biological degradation, plant uptake, and for highly volatile 
pesticides, volatilization. The longer the half-life, the greater the length of time the pesticide 
is retained in the soil and, hence, greater the length of time available for it to leach. 
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The half-life of DNOC in natural surface water ranges from 3 to 5 weeks (Vonk and 
Van der Hoven, 1981 ). In sterile water it has been found to be stable at all pHs with a half-
life > 1 year (Tomlin, 1997). The degradation ofDNOC under anaerobic conditions and 
photodegradation has not been studied (UNEP/FAO/PIC/ICRC, 2002). The biodegradation 
ofDNOC under aerobic conditions in soils was measured as less than 12 days at 20°C 
(UNEP/FAO/PIC/ICRC, 2002). 
DNOC can be metabolized in the soil by several species of bacteria. One bacterium of 
the Arthrobacter species is capable of using the compound as its source of carbon and 
nitrogen (Gasiewicz, 1991). In 1966 Tewfik and Evans isolated aPseudomonas species able 
to degrade DNOC in soils. The degradation of DNOC by 31 strains of Rhizobium and 5 
strains of Azotobacter has been described (Hamdi and Tewfik, 1970); these species are 
important in nitrogen fixation in soils (IPCS, 2000). 
2:1 Clay Minerals: Smectites 
Smectites, vermiculites and hydrous micas (illites) are three kinds of2:1 clay 
minerals that commonly exist in soils in temperate regions. The term "smectite" refers to a 
family of expansible 2: 1 phyllosilicate clay minerals having permanent layer charge of 0.2 to 
0.6 per formula unit (Bailey, 1980). Two main sources of charge in smectites are the 
permanent charge and variable (or pH-dependent) charge. Layer charge of smectites affects 
cation-retention capacity, as well as adsorption of water and various polar organic molecules 
(Mermut and Lagaly, 2001). 
Permanent charge is due to isomorphic substitution in the octahedral sheet or the 
tetrahedral sheet or both. For dioctahedral minerals isomorphic substitution in the octahedral 
sheet involves the substitution of divalent cations such as Mg2+, Fe2+ or Mn2+ for trivalent 
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Ai3+, and substitution in the tetrahedral sheet involves the substitution of Ai3+ or occasionally 
Fe3+ for Si4+ (Reid-Soukup and Ulery, 2002). Isomorphic substitution results in a net negative 
charge that is expressed on the surface of the clay and must be balanced by cations elsewhere 
in the clay structure. Cations present within the hydrated interlayer help balance the negative 
charges on the smectite surface. The hydrated interlayer also facilitates the free exchange of 
cations in and out of the structure thereby contributing to a high cation exchange capacity. 
Variable charge sites occur along the edges of smectite crystals. The charge on these 
sites is a direct consequence of the protonation and deprotonation of the non-bridging 
hydroxyl functional groups. These sites carry a positive or negative charge depending on the 
pH. Upon protonation, these charge sites can form strong hydrogen bonds with water 
molecules. Strongly polar organic molecules can therefore interact with these variable charge 
sites through hydrogen bonding (Laird and Sawhney, 2002). 
Minerals within the smectite group have further been classified based on whether the 
mineral is di- or trioctahedral, the pre-dominant octahedral cation and the location of 
isomorphic substitution. Dioctahedral smectites include montmorillonite (Mg2+ -Al3+ 
octahedral substitution), beidellite (Al-rich, Ai3+-Si4+ tetrahedral substitution) and nontronite 
(Fe-rich, Ai3+ -Si4+ tetrahedral substitution) (Reid-Soukup and Ulery, 2002). Trioctahedral 
smectites are saponite (Mg-rich, AI3+-Si4+ tetrahedral substitution), hectorite (Mg-rich, Li i+ _ 
Mg2+ octahedral substitution) and sauconite (Zn-rich, Al3+ -Si4+ tetrahedral substitution) 
(Reid-Soukup and Ulery, 2002). 
Layer charge density of smectites: 
In smectites like montmorillonite the charge originates in the octahedral sheet due to 
isomorphic substitution; the charge of each substitution is localized across about ten basal 
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oxygens. These negatively charged sites might also be termed as "hydrophilic" nanosites on 
the siloxane surface as the charge on these is balanced by hydrated cations in the interlayer of 
clay or hydrophilic (polar) regions of an organic molecule (Laird and Sawhney, 2002). Polar 
functional group-containing compounds might interact with the exchangeable cations 
through ion:dipole reactions. The ion-dipole mechanism may involve direct interactions 
between the organic molecule and the exchangeable cation or indirect interactions through 
the intermediation of water molecules surrounding cations (outer-sphere complexation). 
Alternatively, these polar organic compounds can also interact directly with the hydrophilic 
nanosites through surface adsorption (inner-sphere complexation). 
Regions of the clay surface between the negatively charged hydrophilic sites are 
devoid of negative charge and therefore do not interact with the hydrated cations. These sites 
are termed the "hydrophobic" nano sites along the siloxane surface of the smectite where 
hydrophobic (non-polar) moieties of an organic molecule may interact (Laird and Sawhney, 
2002). Non-polar organic moieties can interact directly with exchangeable metal cations 
through ion-dipole interactions or indirectly through H-bonding with the salvation water of 
the metal cations. 
When the distance between the hydrophilic nanosites across the siloxane surface is 
large, the smectite is referred to as a "low-charge-density smectite". However if the 
hydrophilic nanosites are spaced close together there is consequently more charge expressed 
on the siloxane surface and the smectite is referred to as a "high-charge-density smectite". 
Studies have shown that charge density is an important factor when understanding 
interactions between organic pesticides and smectites. The results establish an inverse 
relationship between pesticide sorption and layer charge as well as the impact of layer charge 
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on the size of the adsorption domains (Jaynes and Boyd, 1990; 1991; Lee et al., 1990; Laird 
et al., 1992; Boyd and Jaynes, 1994; Laird, 1996; Sheng et al., 2002). 
Cation Exchange: 
Ion exchange reactions involve rapid, reversible displacement of interlayer cations 
and replacement with cations in a coexisting aqueous phase (Garrels and Christ, 1965). The 
soil components involved in cation exchange are the mineral and organic fraction of the soil. 
Cation exchange capacity (CEC) is one of the fundamental properties of smectites. 
The negative sites on the external siloxane surface as well as the negative charges on the 
edge sites contribute to cation exchange. At pH 7 approximately 20 % of the CEC could be 
located at the edge sites of a smectite like montmorillonite (Lagaly, 1981 ). Cations that are 
normally attracted to the negatively charged sites include calcium, potassium, magnesium, 
ammonium, hydrogen, aluminum, iron, and sodium along with other positively charged 
organic compounds. 
Selectivity for a particular cation depends upon several factors such as the 
concentration of the cation in solution, charge of the cation and hydration status of the cation. 
The greater the concentration and charge of a cation, the greater the extent of adsorption to 
the smectite. A weakly hydrated cation is more likely to be adsorbed by the smectite 
compared to a more strongly hydrated cation of equal charge. 
Smectites like montmorillonites have been shown to be major contributors to soil 
CEC, impacting the retention capacity of the soil for nutrients, as well as for chemical 
compounds (Sparks, 1995). The CEC of soil smectites is commonly reported to range 
between 80 and 150 cmolc kg-1 (Sparks, 1995, Deer et al., 1978). Several properties of 
smectites are dependent on adsorbed cations. Since adsorbed cations can be exchanged for 
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other cations smectites with more favorable properties can be engineered (Grim and Gliven, 
1978, Reid-Soukup and Ulery, 2002). 
Surface Acidity: 
Surface acidity of smectites refers to the ability of a smectite surface to catalyze 
protonation and hydrolytic reactions (Laird and Sawhney, 2002). The two types of acidic 
sites are the Lewis acid sites (accept electron pairs) and the Bronsted acid sites (donate 
protons). 
In smectites primarily three Bronsted acid sites are responsible for this property 
(Mortland, 1970). First hydronium ions present on the negative surface charged sites may be 
released by cation exchange (Laird and Sawhney, 2002). The second site is along the variable 
charged surfaces (edge sites), where exposed, non-bridging hydroxyl groups coordinated 
with structural metal ions (Si4+, Fe2+ and Al3+) may donate protons and therefore act as weak 
Bronsted acids (Heller-Kallai, 2002; Solomon and Hawthorne, 1983; Laird and Sawhney, 
2002). The third site occurs along the ion exchange sites where water molecules associated 
with the hydration shells of exchangeable metal cations can dissociate thereby releasing 
protons (Laird and Sawhney, 2002). 
Bronsted surface acidity of smectites increases with increasing electronegativity of 
the exchangeable cations and lower water content of clay (Mortland et al., 1963; Mortland 
and Raman, 1968). The highly electronegative, exchangeable metal cations tend to withdraw 
electrons from the oxygens of the solvating water molecules, thereby enabling proton release. 
Surface acidity effect is generally diminished in aqueous systems, however Laird and 
Fleming, in 1999 showed that aqueous suspensions of Ca-smectites can promote protonation 
of weak bases up to two pH units beyond the pKa of the base. Smectites with high layer 
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charge density can potentially increase the effect of surface acidity. This would be due to the 
higher concentration of metal cations within the interlayers as well as the higher polarization 
of the surface water due to higher charge density along the surface (Laird and Sawhney, 
2002). 
Pesticide Interactions with Smectites 
Various anthropogenic factors such as fertilization, management and other agronomic 
practices can potentially modify the environment and soil productivity. Although herbicides 
and pesticides have a beneficial impact on agricultural productivity, there is considerable 
concern about the environmental fate of these chemicals. 
Adsorption behavior of nitroaromatic compounds like DNOC on clay minerals has 
been studied since the early 90's. Before this time it was assumed that soil organic matter 
was primarily responsible for adsorption of neutral organic contaminants in soil (Chiou et al., 
1979, 1983, 2000; Karickhoff et al., 1979). However several studies have shown that 
inorganic soil components like smectites; due to their abundance in agricultural soils and 
large surface area are significant contributors to herbicide sorption (Laird et al., 1992). 
In the early 90's Lee et al. established an inverse relationship between sorption of 
aromatic compounds in water and the layer charge of tetramethyl ammonium exchanged 
smectites. The results indicated a direct interaction between the aromatic molecules and the 
siloxane surfaces located between sites of isomorphic substitution of smectite. Jaynes and 
Boyd ( 1991) further explored the nature of the siloxane surfaces of organic modified 
smectites, concluding that these siloxane surfaces are hydrophobic in nature. 
A year later Laird et al. (1992) showed that 13 Ca exchanged smectites could adsorb 
within the range of 0 - 100 % of added atrazine from mildly acidic aqueous suspensions (pH 
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4.75-6.45). Their results showed that smectite properties such as surface charge density was a 
dominant property influencing extent of atrazine sorption. They also observed an inverse 
relationship between layer charge density and sorption affinity for atrazine at pHs well above 
the pKa of atrazine. They concluded that the atrazine molecule must be adsorbed as a neutral 
species through hydrophobic interactions along the uncharged regions on the siloxane 
surfaces. 
More recently in 2005, Chappell et al. explored the influence of hydration and 
swelling of smectites on sorption behavior of atrazine. They discovered that the hydration 
status of smectites had a large influence on sorption of the organic and sample treatment such 
as air- drying could impact the sorption affinity of smectites for organic molecules. 
Haderlein et al. (1993 and 1996) studied the adsorption of several nitroaromatic 
compounds on clay minerals and observed that clay minerals such as smectites with high 
surface areas, saturated with monovalent cations with low hydration energies (K+ and Cs+), 
can increase adsorption. They also demonstrated that the type and position of substituents on 
the aromatic molecule could influence sorption of the compound on siloxane surface of the 
clay mineral. 
Weissmahr et al (1997) through FTIR analysis showed that substituted nitroaromatic 
molecules upon adsorption are oriented coplanar to the siloxane surface of the clay. They 
proposed an electron-donor-acceptor (EDA) complex mechanism to explain the adsorption of 
nitro aromatics by clay minerals. According to this mechanism the presence of the strong 
electron withdrawing nitro groups result in an electron deficient aromatic ring. Negatively 
charged siloxane oxygen's along the sites of isomorphous substitution contribute electrons to 
the electron deficient substituted nitro aromatic molecule therefore forming EDA complexes. 
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In 1999 (Pelmenschikov and Leszczynski) did a quantum chemical study on the 
adsorption of 1, 3, 5-trinitrobenzene (1, 3, 5-TNB) on the siloxane sites of clay minerals. This 
study challenges the proposed EDA mechanism, as they did not show any electronic 
evidence for EDA complexation. Also adsorption affinity ofTNB for the siloxane sites of the 
clay was attributed to the existence of attractive 'coulombic' and 'Van der Waals' forces 
between the planar orientation of the organic moiety and siloxane surface of the clay mineral. 
Boyd et al. (2001) showed that an inverse relationship exists between the electron 
releasing abilities of the para- and meta- substituents on nitrobenzene and adsorption of these 
compounds. These results were consistent with the EDA mechanism proposed before. 
However quantum calculations performed on the data showed irrespective of the presence of 
electron withdrawing or donating substituents on the nitro aromatic molecule the charge on 
the aromatic ring remained unchanged. This was not completely consistent with the EDA 
mechanism of complexation. Their (Boyd et al., 2001) explanation states that additive 
interactions of the nitro group and the secondary substituents (e.g., -COOCH3, -CN, -N02) 
that interact with interlayer K+ are responsible for nitro aromatic sorption on the clay. 
Johnston et al. (2001) performed an FTIR study signifying the existence of 
complexation between an interlayer cation (e.g. - K+ and Cs+) and the nitro group. They also 
concluded that depending on the hydration radius of the interlayer cation, inner- sphere 
complexation between the nitro group and the cation could be affected. 
Shortly thereafter Sheng et al. (2002) studied adsorption of two dinitrophenol 
herbicides by reference smectites (SWy-2 and SAz-1) saturated with various cations. 
Adsorption data showed DNOC is adsorbed primarily as a neutral species at low pH. 
Through FTIR spectroscopy they showed that DNOC molecules are oriented parallel to the 
12 
clay surface upon sorption. Increasing charge density of clay or the hydration energy of 
interlayer cations can reduce adsorption ofDNOC namely due to a decrease in the size of the 
adsorptive domains on the clay surface. Molecular dynamic simulations show DNOC 
interacting with K+ through formation of inner-sphere and outer-sphere complexes. It could 
be two oxygen atoms of the nitro group coordinated to K+. It could be a simultaneous 
interaction between the phenolic oxygen and single oxygen of the nitro group with K+ or an 
indirect coordination between the nitro groups and K+ ions through the intermediation of 
water. Interlayer spacing of 1.25 nm is considered optimal for adsorption as the molecule can 
interact simultaneously with two opposing clay surfaces thereby minimizing its interaction 
with water. 
Most recently (Li et al., 2003) studied the adsorption of DNOC on reference smectites 
and on humic substances. The smectites (SWy-2 and SAz-1) were each K+ and Ca2+ saturated 
and treated with DNOC at a pH of~ 2.5 so as to ensure neutral form of the DNOC molecule. 
Results confirmed their previous studies whereby KSWy-2 showed the highest sorption of 
DNOC while CaSAz-1 showed the lowest sorption ofDNOC. This emphasizes the 
importance of the size of the hydration sphere of interlayer cation as well as the charge 
density of the clay during adsorption ofDNOC. XRD analysis of the samples showed a shift 
in the d-spacing with increased loading ofDNOC as direct evidence of it occupying the 
interlayer space. 
In conclusion previous studies have shown that the adsorption of an organic 
compound like DNOC is influenced by the concentration ofDNOC, charge density of 
smectite and type of cation present on the exchange phase. 
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A study conducted in 2002 (Sheng et al.) showed the effect of varying pH on DNOC 
sorption byK-SAz-1 smectite. Besides this single study most of the experiments have been 
conducted at a pH below the pKa ofDNOC (below pH 4.4) and understandably so, as it is 
expected that maximum adsorption would occur when DNOC is in a neutral form. In order to 
simulate a realistic field study however it is important to understand interactions of DNOC 
with soils at higher pHs especially above the pKa ofDNOC. 
Numerous studies involve adsorption experiments conducted on air-dried smectites. 
Though these studies do contribute vital information there is also need to perform adsorption 
experiments on smectites in aqueous suspension (Chappell et al., 2005). Understanding 
bonding mechanisms between the organic molecule and smectites under wetter conditions 
similar to those found on agricultural fields would help us predict behavior and fate of 
chemicals like DNOC under a more natural setting. 
Hypotheses and Objectives 
The overall goal of this dissertation is to develop a mechanistic interpretation of the 
interaction between DNOC and smectites in aqueous suspensions. By determining the 
binding mechanism of the molecule on the smectite surface we might be able to better 
understand its retention and mobility in the environment. 
Although numerous studies have been conducted on interactions of pesticides like 
DNOC with smectites, there are still discrepancies in the literature about the bonding 
mechanism of DNOC molecules with smectites. 
A study conducted by Laird and Fleming in 1999 showed that Ca-smectites 
suspended in distilled water could promote protonation of a weak base like 3-butylypyridine 
by as much as two pH units above the pKa of 3-butylypyridine. Based on this study we 
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hypothesize that adsorption ofDNOC might be affected by the surface acidity of the 
smectite. 
Studies have been conducted (Li et al., 2003; Sheng et al., 2002; and Johnston et. al., 
2001) that signify the importance of charge density of smectite towards adsorption ofDNOC. 
However there is a lack of information on the extent of contribution of charge density 
towards this process. We hypothesize that the affinity of smectites for DNOC will be 
influenced by smectite layer charge density. 
The specific objectives of this study are: 1) to quantify the extent of adsorption of 
DNOC by smectites in aqueous suspensions, 2) to evaluate the impact of pH and sample 
treatment during adsorption of DNOC by smectites in aqueous suspensions, 3) to elucidate 
the contribution oflayer charge density in smectites towards adsorption ofDNOC and 4) to 
determine whether the DNOC sorption occurs within the interlayer or on external surfaces of 
smectite. 
Thesis Organization 
This thesis is a compilation of three individual studies. Each study is prepared as an 
individual article in a format acceptable for publication in a scientific journal. In the second 
chapter we explore how a range of pHs, ion-saturation and sample treatment (freeze-drying) 
on reference smectites in aqueous suspensions can influence sorption ofDNOC. We compare 
adsorption data and observe ICP-AES data in order to elucidate the bonding mechanism of 
DNOC on smectites in aqueous suspensions. In chapter three through FTIR studies we throw 
light upon the importance of layer charge density of smectites during adsorption of DNOC. 
Finally in chapter four we use XRD studies to clarify whether DNOC adsorption occurs only 
within the interlayer of smectites or on the external surfaces as well. We observe XRD 
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patterns of ion-saturated reference smectites in suspension form as well as in air-dried and 
oven-dried form. The final chapter five presents general overall conclusions for the three 
individual studies. 
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CHAPTER2 
MECHANISM OF DINITROPHENOL HERBICIDE SORPTION ON 
SMECTITES IN AQUEOUS SUSPENSIONS ATV ARYING pH 
Abstract 
4, 6- dinitro-o-cresol (DNOC) is commercially important in the fields of agriculture 
and horticulture. Recent studies have shown that smectites adsorb surprisingly large amounts 
of DNOC (Li et al. 2003). Since DNOC is a weak acid with a pKa about 4.4, we 
hypothesized that pH would be the dominant state variable controlling sorption. We 
quantified the effect of pH, saturating cation (K+ and Ca2+) and freeze-drying on adsorption 
ofDNOC by reference smectites (SWy-2 and SAz-1) in dilute aqueous suspensions using a 
batch equilibration technique. The smectite suspensions and DNOC were both pH adjusted 
from pH 3 to pH 7. The systems were then equilibrated by shaking for 24 hours at 25° C then 
centrifuged, filtered and pH tested. Adsorption data reveal nearly 100 % of added DNOC was 
adsorbed by K-SWy-2 at pH 3, and at pH 7 sorption decreased to about 60 %. Sorption of 
DNOC on K-SAz-1 decreased from about 90 % at pH 3 to about 30 % at pH 7. Ca-SWy-2 
suspensions adsorbed about 80 % of added DNOC at pH 3 but sorption decreased to about 15 
% by pH 4 and above. Over the entire pH range Ca-SAz-1 sorbed about 15 % of added 
DNOC. Slightly larger amounts of DNOC were adsorbed by the never-dried smectites 
compared to the freeze dried-rehydrated smectites. Elemental analysis of the filtered 
supematants from the K-SAz-1-DNOC systems indicates co-adsorption ofK+ with DNOC. 
This suggests uptake of a K+-DNOC complex over the entire pH range. Elemental analysis of 
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the filtered supematants from the Ca-SWy-2-DNOC systems suggested little or no co-
adsorption of Ca2+ with DNOC. 
Introduction 
Out of the eighteen manufactured dinitrocresols, 4, 6- dinitro-o-cresol (DNOC) is one 
of the most commercially important. DNOC is used as a herbicide (dinitrophenol), fungicide, 
insecticide, and micro-biocide and most recently in the plastics industry as an inhibitor of 
polymerization in styrene and vinyl (Hawley, 1981, U.S. EPA, 1988). Although EPA 
cancelled registration of this pesticide, volumes of obsolete stocks do exist and are being 
used around the world (IPCS, 2000). Due to its widespread use, DNOC is often foun~ as a 
contaminant in soils, groundwater, shallow aquifers and subsurface environments. Over 
recent years the fate and transport of nitroaromatic compounds such as DNOC in the 
environment has raised concern. 
In order to predict the fate and mobility ofDNOC in the environment it is necessary 
to understand the sorption behavior on various soil components. When studying sorption 
behavior of non-polar organic compounds, it is commonly assumed that soil organic matter 
(SOM) is the predominant sorptive phase (Chiou et al., 1979, 1983, 2000; Karickhoff et al., 
1979; Pignatello and Xing, 1996; Leboeuf and Weber, 1997; Chiou, 1998; Kleineidam et al., 
1999; Xia and Ball, 2000). However, in soils with low organic matter content, clay minerals 
make a substantial contribution to sorption of polar organic compounds. Among various clay 
minerals found in soils, smectites are very important due to their relative abundance, high 
surface areas, cation exchange capacities (CEC), large surface areas and chemically active 
surfaces (Laird et al., 1992). 
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Several recent studies have demonstrated the potential contribution of smectites to 
pesticide retention in soils. Laird et al. (1992) showed that 13 Ca-exchanged smectites 
adsorbed 0 - 100 % of added atrazine from aqueous suspensions at pHs well above the pKa 
of atrazine (pH 4. 75-6.45). They observed an inverse relationship between layer charge 
density and sorption affinity for atrazine. They concluded that the neutral atrazine molecule 
must be adsorbed through hydrophobic interactions on the uncharged regions of the siloxane 
surfaces. 
In 1999, Laird and Fleming studied the adsorption of 3-butylpyridine by Ca-
smectites. They found clear evidence for adsorption of the ionic species (pHs below pKa of 
3-butylpyridine) as well as adsorption of the molecular species (pHs above pKa of 3-
butylpyridine). They attributed the adsorption of the molecular species to a combination of 
hydrophobic interactions between the alkyl group and the uncharged nanosites on the 
siloxane surface of smectite and hydrophilic interactions between the ring N and hydration 
spheres of interlayer cations. 
Several studies have shown that layer charge density of smectites can influence the 
extent of sorption of organic compounds. These results establish an inverse relationship 
between pesticide sorption and layer charge as well as the impact of layer charge on the size 
of the adsorption domains (Jaynes and Boyd, 1990; 1991; Lee et al., 1990; Laird et al., 1992; 
Boyd and Jaynes, 1994; Laird, 1996; Sheng et al., 2002). 
Adsorption of nitro-substituted aromatic compounds by smectites have been shown to 
be affected by the clay type, clay layer charge, the type of cation on the exchange phase and 
the type and position of the substituents on the aromatic ring (Haderlein and Schwarzenbach, 
1993; Haderlein et al., 1996; Weissmahr et al., 1997). Several studies thereafter have shown 
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that the type of exchangeable cations on smectite surfaces influences the adsorption of NA Cs 
such as DNOC (Sheng et al., 2001; Boyd et al., 2001; Johnston et al., 2001; Sheng et al., 
2002 and Li et al., 2003). 
Haderlein et al. (1993, 1996) attributed the high adsorption ofNACs to the formation 
of an electron-donor-acceptor complex (EDA complex), where the presence of the strong 
electron-withdrawing nitro groups result in an electron-deficient aromatic ring. Negatively 
charged siloxane oxygens near sites of isomorphous substitution on the clay surface were 
hypothesized to contribute electrons to the electron-deficient substituted nitro aromatic 
molecule therefore forming the pesticide-clay complex. However a quantum chemical study 
done in 1999 by Pelmenschikov and Leszczynski on the adsorption of 1, 3, 5-trinitrobenzene 
(1, 3, 5-TNB) on the siloxane sites of clay minerals, challenged the proposed EDA 
mechanism, as they did not show any electronic evidence for EDA complexation. Rather, 
adsorption affinity of TNB for the siloxane sites of the clay was attributed to the existence of 
attractive 'coulombic' and 'Van der Waals' forces between the planar oriented organic 
molecule and the siloxane surface of the clay mineral. 
In 2001 Sheng et al. studied the sorption of seven pesticides on a K-saturated 
reference smectite (K-SWy-2) and soil organic matter (muck soil). They discovered that for 
the sorption of atrazine, carbaryl, dichlobenil and dinitro-o-cresol, the smectite was an 
efficient sorbent compared to SOM. They attributed the differential adsorption of pesticides 
by K-SWy-2 to specific interactions between pesticide substituents and exchangeable cations 
of the clay, steric hindrance caused by the large substituents of the pesticide molecules and 
hydrophobic interactions between pesticide molecules and the siloxane surfaces of the clay 
(Sheng et al., 2002). The pesticide adsorbed most strongly was dinitro-o-cresol (DNOC); 
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where uptake was about 13 times higher than in SOM. The high uptake was attributed to the 
presence of strong electron withdrawing nitro (N02) groups. 
Boyd et al. (2001) studied the adsorption of several NA Cs by smectites using FTIR 
spectroscopy, XRD, quantum calculations and molecular dynamic simulations. They 
concluded that adsorption of nitroaromatic compounds is a consequence of two phenomena. 
First, the additive interactions of the nitro group and the secondary substituents (e.g., -
COOCH3, -CN, -N02) that interact with interlayer K+ in K-saturated smectites, and secondly, 
the energy gained from the partitioning of the nitroaromatic compound in the sub-aqueous 
environment of clay interlayers, thereby minimizing interaction of the organic compound 
with bulk water. 
An FTIR study conducted by Johnston et al. in 2001 suggested the existence of 
complexation between an interlayer cation (e.g., K+ and Cs+) and the nitro group. They 
showed that the hydration radius of the interlayer cation had the potential to affect the inner-
sphere complexation between the nitro group and the cation. 
Shortly thereafter, Sheng et al. (2002) studied adsorption of two dinitrophenol 
herbicides by ion-saturated reference smectites (SWy-2 and SAz-1 ). Molecular dynamic 
simulations showed DNOC interacting with K+ through formation of inner-sphere and outer-
sphere complexes. Possible mechanisms include: two oxygen atoms of the nitro group 
coordinated to K+ or a simultaneous interaction between the phenolic oxygen and single nitro 
group oxygen with K+ or an indirect coordination of the nitro groups and K+ ions through the 
intermediation of water. FTIR data showed DNOC molecules oriented parallel to the clay 
surface upon sorption. 
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Most recently (Li et al., 2003) studied the adsorption ofDNOC on ion-saturated 
reference smectites and on humic substances. Results emphasized the importance of the size 
of the hydration sphere of interlayer cation as well as the charge density of the clay during 
adsorption ofDNOC. XRD patterns showed a shift in the d-spacing, with increased loading 
of the compound as direct evidence ofDNOC occupying the interlayer space. 
Literature to date contributes two views to explain the bonding mechanism between 
nitroaromatic compounds like DNOC and smectites. Though the EDA mechanism is a very 
plausible explanation, we cannot overlook additional data that explain sorption of 
nitroaromatics by smectites through simple modes of complexation between the organic 
molecule and interlayer cations. More studies are required to fully understand the complex 
interactions that exist upon adsorption of an organic compound like DNOC to smectites. Our 
hypothesis is that complexation between DNOC and an exchangeable cation is the dominant 
mechanism effecting sorption ofDNOC at pHs above the pKa ofDNOC. 
Numerous studies involve adsorption experiments conducted on air-dried smectites. 
Though these studies do contribute vital information, there is also need to perform adsorption 
experiments on smectites in aqueous suspension. In order to predict the behavior and fate of 
herbicides like DNOC under natural environments (such as an agricultural field), a good 
understanding of the bonding mechanisms between the organic molecule and smectites under 
wetter conditions is required. In 2005, Chappell et al. reported that the hydration status of 
smectites had a large influence on sorption of atrazine and that sample treatments such as air-
drying could impact the sorption affinity of smectites for organic molecules. We therefore 
hypothesize that freeze-drying treatments can influence sorption affinity of smectites for 
DNOC. 
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The objectives of this study were 1) to quantify the extent ofDNOC adsorption by 
smectites in aqueous suspensions at varying pH, 2) to evaluate the impact of the saturating 
cation and sample treatment on adsorption ofDNOC by smectites in aqueous suspensions, 
and 3) to propose a mechanistic interpretation about the nature of interactions between 
DNOC and smectites during sorption ofDNOC at pHs above its pKa. 
Materials and Methods 
Smectites and dinitrophenol (DNOC): 
Reference smectites were obtained from the Source Clays Repository of the Clay 
Minerals Society maintained at Purdue University, IN. The samples studied were the 
Wyoming montmorillonite (SWy-2) collected from Crook County, WY; and the Arizona 
montmorillonite (SAz-1) collected from Apache County, AZ. The physical properties of 
these smectites have been previously recorded (Costanzo, 2001 ). 
Presence of carbonates in SWy-2 was confirmed by testing with 20 % HCL Removal 
of carbonates was achieved by adding 10 L of 0.5 M sodium acetate buffer at pH 5 .0 to 500 g 
of SWy-2 for two days (Gee and Bauder, 1986). Excess buffer was removed by repeated 
washing with deionized water over a period of 5 days. 
Prior to size fractionation, a homoionic Na-montmorillonite suspension was prepared 
by adding 400 g of NaCl to a 10 L suspension of SWy-2. The< 2 µm size fraction was then 
separated from the Na-saturated clay by sedimentation. The mixture was stirred for 30 
minutes and after sitting for 8 hours the supernatant was siphoned. This procedure was 
repeated daily for one week. The clay fraction was collected and both water and residual 
sodium acetate buffer were removed by vacuum filtration using an auto-irrigation flask. 
---- -'~ --------. 
r~,J 
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Equal portions of< 2 µm clay fractions were collected and saturated with K+ and 
Ca2+ by treating clays in 5Lof0.5 MKCl and CaCh solutions, respectively. The K+ and 
Ca2+ saturated clay fractions were collected over 18 days and separated from the aqueous 
phase by vacuum filtration using an auto-irrigation flask. The K-SWy-2 clay suspension was 
dialyzed using Spectra/Por 3 membrane dialysis tubing against a 0.1 M, 0.01 Mand 0.001 M 
KCl solutions for a total of nine days, refreshing the electrolyte three times per day until 
electrical conductivity achieved constant value. The Ca-SWy-2 clay suspension was dialyzed 
similarly against 0.05 M, 0.005 Mand 0.0005 M CaCh solutions, respectively. 
The SAz-1 was found to be free of carbonates and therefore was not treated with 
sodium acetate buffer. Otherwise, size fractionation and ion saturation were carried out by 
the same procedures as described above to obtain K-SAz-1 and Ca-SAz-1 suspensions. Half 
of each clay suspension was lyophilized, and these samples are referred to as the 'freeze-
dried' clays. The remaining halves of each sample were stored as suspensions and are 
referred to as the 'never-dried' clay suspensions. 
4, 6-dinitro-o-cresol was used for adsorption studies. It was purchased from Aldrich 
Chemical Company, Inc. (Milwaukee, WI) with purity> 97 % and was used as received. The 
structure of DNOC molecule and some physicochemical properties are shown in Figure 1. A 
150 mg L-1 DNOC solution was prepared by dissolving 150 mg ofDNOC in 1 L ofMilli-Q 
water. This solution had a natural pH of about 3.2. To adjust the pH of the solution to desired 
value a few drops of0.01MHCl,0.01 MKOH or 0.005 MCa (OH)2 were added 
accordingly. 
Freeze-dried re-suspended samples: 
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Freeze-dried re-suspended samples were prepared by dispersing 100 mg of K+ and 
Ca2+ saturated freeze-dried SWy-2 and SAz-1 in Corex tubes containing 2 mL of appropriate 
concentrations of KCl and CaCh solutions so that the final ionic strength was 0.001 M for the 
K+-clay suspensions and 0.0005 Mfor the Ca2+-clay suspensions. The tubes were shaken on a 
side-to-side shaker for 48 hours at 25° C. 
Never-dried suspensions: 
The clay suspensions were not subjected to any further treatment. K+ and Ca2+ 
saturated SWy-2 and SAz-1 suspensions were adjusted to the desired solid-solution ratio of 
100 mg clay per mL of electrolyte. The ionic strength of the suspension was maintained the 
same as for the freeze-dried re-suspended samples. The suspensions were then shaken on a 
side-to-side shaker for 24 hours at 25° C. 
Sample preparation and equilibration: 
The smectite suspensions and DNOC solutions were adjusted to the desired pH value 
by adding a few drops of 0.01 MHCl, 0.01 MKOH or 0.005 MCa (OH) 2 . A pH adjusted 
DNOC solution of 150 mg L-1 concentration was then added to the pH-adjusted smectite 
suspensions to make up a final volume of 10 mL. Final concentration ofDNOC was 120 mg 
L-1 with a solid-solution ratio of 10 mg mC1• Triplicate samples were prepared. Blank 
suspensions without DNOC at each pH value were also prepared. The tubes were shaken for 
24 hours at 25° C. The mixtures were centrifuged at 11,951 g for 25 minutes to separate the 
solid and liquid phases. 
Spectrophotometric analysis: 
The pH of 9 mL supernatant was recorded before adding 1 mL of 0.5 M potassium 
phosphate buffer at pH 7. The supernatant was passed through a 0.2 µm nylon filter before 
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analysis on the spectrophotometer. DNOC concentrations in the filtered supernatant were 
measured in a quartz cuvette, fitted in a Milton Roy Spectronic 601 spectrophotometer with 
an UV-visible detector. The detector used 268 nm as the Amax for DNOC. The amount of 
herbicide adsorbed was calculated from the difference between the initial concentration of 
DNOC and the concentration of DNOC in the final solution. 
ICP Analysis: 
An ICP experiment was conducted to explore the mechanism ofDNOC sorption on 
K-SAz-1 and Ca-SWy-2 clay suspensions between pHs 3 to 7. Initially, 150 mg of freeze-
dried K-SAz-1 and 100 mg of Ca-SWy-2 were weighed into Corex tubes. Smectite-DNOC 
systems were prepared by mixing appropriate amounts ofKCl, KOH and HCl or CaCh, Ca 
(OH) 2 and HCl with DNOC to achieve final concentrations of 120 mg L-1 DNOC in 0.001 M 
K+ and 0.0005 M Ca2+ for the entire pH range. Both, the Ca2+-DNOC systems and the K+-
DNOC systems had a final solid-solution ratio of 10 mg mL-1• Blank samples without DNOC 
were prepared for the entire pH range with the same K+ and Ca2+ concentrations. The 
mixtures were equilibrated for 48 hours at 25° C then centrifuged at 11,951 g for 25 minutes. 
Samples were prepared in triplicate. Supematants of the prepared samples, supematants of 
the blanks and background solutions used to prepare all the samples were filtered through 0.2 
µm nylon filters and then through 0.02 µm anotop filters and finally pH tested. Elemental 
analysis (Ca2+ and K+) of the filtered supematants was performed with a Thermo Jarrell Ash 
Model 61 E, inductively coupled plasma-atomic emission spectrometer (ICP-AES). 
The amounts of Ca2+ and K+ displaced from the blank smectites by adding HCl to 
change the pH were calculated as the difference between the measured ionic concentrations 
of blank supematants and the background solutions. Similarly, the amounts of displaced Ca2+ 
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and K+ from the smectite-DNOC systems were calculated as the difference between the 
measured ionic concentrations of smectite-DNOC supematants and the background solutions. 
Finally, the amount ofK+ and Ca2+ that was co-adsorbed with DNOC was calculated by 
subtracting the displaced Ca2+ and K+ for smectite-DNOC systems from the predicted amount 
of displaced Ca2+ and K+ for the blank systems at the pH of the smectite-DNOC systems 
being analyzed. 
Results 
Pesticide adsorption by Homoionic II' and Ca2+-smectites 
Adsorption plots representing the sorption of 4, 6-dinitro-o-cresol (120 mg L-1) by 
freeze-dried and never dried K-SWy-2, K-SAz-1 suspensions, at pHs 3 to 7 are shown in 
Figure 2. Highest adsorption ofDNOC for both smectites occurs at pH 3. Nearly 100 % of 
added DNOC was adsorbed by K-SWy-2 at pH 3. At pH 7 sorption decreased to about 60 %. 
Sorption ofDNOC on K-SAz-1 decreased from about 90 % at pH 3 to 30 % at pH 7. Beyond 
a pH of 4.4 (pKa ofDNOC), K-SWy-2 adsorbs more than 60 % ofDNOC while K-SAz-1 
adsorbs more than 20 % DNOC. For both smectites (K-SWy-2 and K-SAz-1 ), the never dried 
suspensions show higher adsorption affinity for DNOC compared to the freeze-dried re-
suspended samples. 
Adsorption plots representing the sorption of 4, 6-dinitro-o-cresol (120 mg L-1) by 
freeze-dried and never dried Ca-SWy-2, Ca-SAz-1 suspensions, at pHs 3 to 7 are shown in 
Figure 3. Nearly 80 % of added DNOC is adsorbed by freeze-dried Ca-SWy-2 at pH 3 but 
sorption decreased to about 15 % by pH 4 and remained stable at about 15 % to pH 7. Ca-
SAz-1 sorbed about 15 % of added DNOC over the entire pH range. Freeze-drying had little 
impact on adsorption affinity of the Ca-smectite suspensions for DNOC. 
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Results for the elemental analyses of the filtered supematants of freeze-dried re-
suspended K-SAz-1 and Ca-SWy-2 upon DNOC sorption at pH 3 to 7 are represented in 
Figure 4 and Figure 5 respectively. These plots compare the ionic concentrations (µmoles g"1) 
of displaced K+ and Ca2+ of blank smectite supematants to the displaced K+ and Ca2+ of 
smectite-DNOC supematants. The results of Figure 4 suggest more displaced K+ in the blank 
supematants compared to the supematants with DNOC. On the other hand, Figure 5 shows 
very little or no difference in the amount of displaced Ca2+ between the blank supematants 
and smectite-DNOC supematants. The results presented in Table 1 and Table 2 show the 
difference in the total amount of K+ and Caz+ (µmoles) present in the supematants for the 
blanks and the samples treated with DNOC at each pH. This difference represents the amount 
of additional K+ or Ca2+ that was taken up by the clay along with the DNOC. Also presented 
in Tables 1 and 2 is the total amount of DNOC (µmoles) adsorbed by the clay at each pH. 
The values in Table 1 indicate co-adsorption ofK+ with DNOC throughout the pH range. The 
values in Table 2 suggest little or no co-adsorption of Ca2+ with DNOC over the entire pH 
range. 
Discussion 
The adsorption of DNOC was higher for K-SWy-2 than for K-SAz-1 for the entire pH 
range (Figure 2). The low-charge-density clay (SWy-2) shows greater adsorption compared 
to the high-charge-density clay (SAz-1 ). In the high-charge-density smectite the negative 
charges are located in closer proximity along the siloxane surface. There is therefore a 
potential for crowding between interlayer cations attracted to these charges. Crowding may 
cause adsorbed DNOC molecules to occupy less than optimal steric environments such that 
polar groups of the molecule may be forced to interact with the hydrophobic nanosites on the 
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clay surface or non-polar groups of the molecule may be forced to interact with the interlayer 
cations. Therefore crowding would result in a reduction of DNOC sorption (Li et al. 2003). 
Also, in a high-charge-density smectite, water that is strongly bound to the interlayer cations 
is difficult to displace due to the closer proximity of the charged sites and therefore more 
water surrounding the cations must be displaced per charged site (Boyd et al. 2001, Sheng et 
al. 2002). 
Adsorption of DNOC by Ca-SWy-2 is higher at pH 3 and pH 4 compared to 
adsorption by Ca-SAz-1(Figure3). Ca-SWy-2 showed highest (70 %- 80%) sorption of 
DNOC at pH 3; where the neutral (molecular) form ofDNOC must be adsorbed. This 
difference in affinity for DNOC might be attributed to the different charge densities of the 
smectites. In Ca-SWy-2 the negatively charged sites on the siloxane surfaces are spaced 
farther away from each other compared to Ca-SAz-1 (high-charge-density smectite). There is 
lower charge dispersion across the siloxane surface of SWy-2 resulting in fewer cations in 
the interlayer and therefore less crowding. The polar groups of the adsorbed DNOC 
molecules can now interact more favorably with the interlayer cations while the non-polar 
groups can interact with the hydrophobic nano sites available on the siloxane surface of the 
smectite. 
The adsorption of 4, 6-dinitro-o-cresol was higher for the K+ smectite suspensions 
than for the Ca2+ smectite suspensions (Figure 2 and Figure 3). The high affinity ofK+-
smectite suspensions for DNOC compared to Ca2+ shows that the type of cation on the 
exchange phase affected adsorption. As shown previously (Boyd et al., 2001; Li et al., 2003), 
the nitro substituents ofDNOC can complex directly with K+ as well as through the 
intermediation of water. The lower adsorption observed for Ca2+ - smectite suspensions is 
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attributed to the large enthalpy of hydration of Ca2+ compared with K+, which inhibits direct 
interactions between the cation and the DNOC nitro functional groups (Johnston et al., 2001). 
The larger hydration sphere of Ca2+ also obscures a large portion of the neutral siloxane 
surfaces (hydrophobic nanosites), reducing the size of the adsorption domains, and therefore 
leaving fewer available sites large enough to accommodate DNOC molecules. Furthermore, 
strongly hydrated cations like Ca2+ tend to maintain their waters of hydration resulting in 
weak electrostatic interactions between Ca2+ and the nitro substituents of DNOC (Sheng et 
al., 2002). 
Figure 2 indicates that that both the freeze-dried and never-dried K- smectite 
suspensions adsorbed substantial amounts ofDNOC at pHs well above the pKa ofDNOC, 
where the anionic form of the molecule should predominate. If the molecule were in the 
anionic form, electrostatic repulsion between anionic DNOC and negatively charged siloxane 
sites should drastically minimize sorption. However this does not appear to be the case in our 
data. Two phenomena might explain this dilemma. Firstly, surface acidity may promote 
stabilization of the neutral form ofDNOC. Surface acidity has been shown to promote 
protonation of weak bases about one or two pH units above the pKa (Laird and Fleming, 
1999). In this situation surface acidity is not likely because the high adsorption of DNOC 
continues well above the pKa for the entire pH range. Also the high sorption of DNOC is 
observed only for the K-smectite suspensions and not for the Ca-smectite suspensions. 
Secondly, anionic DNOC might be forming a specific complex with K+, such that it is 
adsorbed as a complex within the interlayer. The K+-DNOC complex can therefore be 
adsorbed as a neutral species throughout the pH range. 
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Ca-SWy-2 shows high (80 %) adsorption ofDNOC at pH 3 where DNOC is probably 
adsorbed as a neutral species within the interlayer, and decreased sorption (15 % ) from pH 4 
onwards. DNOC adsorption by Ca-SAz-1 was about 15 % throughout the pH range. The 
adsorption ofDNOC by Ca-SWy-2 and Ca-SAz-1 above the pKa could be explained by the 
adsorption of anionic DNOC along the edge sites of the smectites. Atoms like Al exposed 
along the crystallite edges are partially hydrolyzed to aluminol groups (Al-OH). These 
groups carry half a negative charge (Al-OH-112) and on protonation carry half a positive 
charge (Al-OH2 +112). The anionic functional group of DNOC can interact with such an Al-
OH2 edge site through charge neutralization reactions and therefore be adsorbed. 
Alternatively there can be direct covalent bonding between the anionic DNOC molecule and 
the Al along the edges of smectites. Figure 5 suggests very little or no difference in the levels 
of displaced Ca2+ in the Ca-SWy-2-DNOC systems over the entire pH range. This small 
difference in displaced Ca2+ indicates little or no co-adsorption of DNOC with Ca2+. The 
amount of displaced Ca2+ should decrease systematically with increasing pH, approaching 0 
µmoles g-1 clay at pH 7. However, the measured value of displaced Ca2+ at pH 7 is 50 µmoles 
g-1 clay. This excess displaced Ca2+ probably represents residual CaCh in the freeze-dried 
Ca-SWy-2 due to incomplete dialysis. The small non-zero values of co-adsorbed Ca2+ 
reported in Table 2 are attributed to slightly different experimental methods used to obtain 
the adsorbed DNOC values compared to the adsorbed Ca2+ values. 
ICP data represented in Figure 4 shows higher levels of displaced K+ in blank 
supematants compared to smectite-DNOC supematants. This apparent decrease ofK+ 
displaced in smectite-DNOC samples indicates that DNOC sorption is accompanied by 
sorption ofK+ throughout the pH range. The data represented in Table 1 shows 
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approximately a 1: 1 stoichiometric uptake of DNOC with K+ through the entire pH range. To 
maintain electrical neutrality an exact 1: 1 stoichiometric ratio is required. Differences from a 
1: 1 ratio are attributed to slightly different experimental methods used to obtain the adsorbed 
DNOC values compared to the adsorbed K+ values. This co-adsorption of K+ and DNOC 
provides evidence of complex formation between K+ and DNOC. Adsorption of K+-DNOC 
complexes would also explain the large amount of DNOC sorption by K-SAz-1 and K-SWy-
2 for pHs > pKa, where DNOC should be in the anionic form. 
The freeze-drying treatment did not have as large an impact on the affinity of the 
smectites for DNOC as anticipated from previous studies (Chappell et al., 2005). Freeze-
drying treatment might have destroyed the structure of the individual quazicrystals and 
therefore did not impact adsorption affinity for DNOC. This has been shown to possibly 
occur in other studies (Oetjen and Haseley, 2004) 
In summary, DNOC adsorbs to smectites in aqueous suspensions not only as a neutral 
species, but also as an anionic species complexed with K+. This is important evidence that 
explains sorption of the herbicide by smectite suspensions at pHs well above its pKa. A 
variation in pH, type of cation on the exchange phase, or charge density can influence 
sorption ofDNOC by smectites in aqueous suspensions. Though there is not enough 
evidence through our study to refute the EDA mechanism, our data indicates a bonding 
mechanism similar to that suggested in previous studies (Boyd et al., 2001; Johnston et al., 
2001; Sheng et al., 2002). 
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Weak acid; pKa 4.35-4.46 
M.W= 198.13 g/mole 
Water solubility= 198 mg/L 
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pHDNOC pHK+ K+ adsorbed (µmoles) DNOC adsorbed (µmoles) 
3.0 3.1 7.4 (±0.3) 5.7 (±0.2) 
4.3 4.4 7.5 (±0.4) 3.9 (±0.2) 
5.7 5.1 5.3 (±0.2) 3.5 (±0.1) 
6.3 6.0 3.3 (±0.1) 2.6 (±0.1) 
7.0 6.9 1.5 (±0.5) 1.8 (±0.2) 
Table 1. Quantity ofK+ co-adsorbed with DNOC on K-SAz-1in0.001 MKCl 
pHDNOC pH Ca2+ Ca2+ adsorbed (µmoles) DNOC adsorbed (µmoles) 
3.1 2.9 0.4 (±1.5) 5.0 (±0.3) 
4.1 3.9 1.6 (±0.8) 0.9 (±0.2) 
5.7 4.9 2.8 (±0.3) 0.6 (±0.1) 
6.1 6.1 1.0 (±0.1) 0.9 (±0.2) 
7.0 6.9 -3.0 (±0.9) 1.1 (±0.1) 
Table 2. Quantity of Ca2+ co-adsorbed with DNOC on Ca-SWy-2 in 0.0005 M CaCh 
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CHAPTER3 
LAYER CHARGE: A CONTRIBUTING FACTOR TO THE 
ADSORPTION OF DINITR0-0-CRESOL BY SMECTITES 
Abstract 
The interaction of dinitro-o-cresol (DNOC) with reference smectites (SWy-2 and 
SAz-1) exchanged with K+ and Ca2+ was studied using Fourier transform infrared (FTIR) 
spectroscopy. The smectites in suspension form and DNOC (120 mg L-1) were both adjusted 
to pH 4 followed by equilibration for 24 hours at 25° C. Air-dried clay films were prepared at 
25° C and 40 % relative humidity. FTIR spectroscopy revealed shifts in the Vsym (NO) 
vibrational modes ofDNOC upon adsorption to the K+- and Ca2+- saturated SWy-2 and SAz-
1. The positions of the Vsym (NO) vibrational modes were shifted by the type of exchangeable 
cations as well as by the difference in charge density of the smectite. The cation induced 
changes to the vibrational bands of the N02 groups ofDNOC indicated that K+ formed a 
stronger complex with N02 groups of DNOC, resulting in a high-frequency shift relative to 
N02 groups interacting with Ca2+. Furthermore, the position of the Vsym (NO) band was 
higher for the high-charge-density smectite (SAz-1) compared to the low-charge-density 
(SWy-2) smectite for both the K+ and Ca2+ systems. This indicates a stronger interaction 
between the N02 group ofDNOC and the cation in the high-charge-density smectite 
compared to the cation -N02 interaction in the low-charge-density smectite. The charge 
density influenced shift was about half that observed for the cation valence influenced shift. 
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Introduction 
Soil organic matter (SOM) and soil clay minerals are important active components in 
soils due to their physical and chemical properties. These components are mainly responsible 
for the retention of contaminants in soils. Therefore soils rich in clay or organic matter, or 
both, have a high potential to adsorb pesticides. As sorbents they can strongly influence the 
environmental fate of contaminants in groundwater, aquifers, soils or sediments. During the 
past two decades, soil organic matter was considered the dominant sorptive phase for neutral 
organic contaminants in soils (Chiou et al., 1979, 1983, 2000; Karickhoffet al., 1979). 
Reliance on organic matter normalized sorption coefficients (Korn) to predict pesticide 
retention in soils, has neglected the potential contribution of clay minerals to this process 
(Boyd et al., 2001). 
Soil clay minerals have long been recognized to have the potential to contribute to 
sorption of polar organic pesticides (Harper 1988; Mingelgrin and Gerstl, 1983; Konopka 
and Turco, 1991; Laird and Sawhney, 2002). Studies have revealed that clay minerals are 
primarily responsible for sorption of polar organic contaminants in soils when the clay to 
organic matter ratio is greater than 10-30 (Hassett et al., 1981; Karickhoff, 1984; Grundl and 
Small, 1993). Several recent studies have also shown that the mineral fractions in soil may 
contribute more to the adsorption and retention of certain neutral weakly polar organic 
pesticides than soil organic matter (Sheng et al., 2001). These studies suggest the potential 
contribution of clay minerals to pesticide retention in soils. 
Amongst the various 2: 1 clay minerals, smectites due to their abundance in 
agricultural soils and large surface area have the greatest potential for herbicide sorption 
(Laird et al., 1992). Recent studies have contributed additional evidence to the importance of 
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smectites in pesticide retention in soils. In the early 90's Lee et al. showed that adsorption of 
aromatic molecules on the siloxane surfaces of smectite, increased with decreasing surface 
charge density of the smectite. In 1990 (Jaynes and Boyd) demonstrated an inverse 
relationship between sorption of aromatic compounds from aqueous systems and the layer 
charge of organic modified smectites (exchanged with tetramethylammonium ions). Jaynes 
and Boyd (1991) further explored the nature of the siloxane surfaces located between the 
sites of isomorphic substitution of organic modified smectites and concluded that these 
surfaces are the adsorptive domains and are hydrophobic in nature. Laird et al. (1992) 
showed atrazine sorption by 13 Ca-exchanged smectites ranged from 0-100 % under mildly 
acidic conditions and was inversely related to clay properties like layer charge density and 
cation exchange capacity. Since the sorption affinity for atrazine was at pHs well above the 
pKa of atrazine they concluded that the neutral atrazine molecule must be adsorbed through 
hydrophobic interactions along the uncharged regions on the siloxane surfaces. 
Nitroaromatic compounds (NAC's) like DNOC have been used as herbicides, 
fungicides, insecticides, and micro-biocides and most recently in the plastics industry as 
inhibitors of polymerization in styrene and vinyl (Hawley, 1981, U.S. EPA, 1988). Although 
herbicides and pesticides have a beneficial impact on agricultural productivity, there is 
considerable concern about the environmental fate of these chemicals. 
Adsorption of nitro-substituted aromatic compounds like DNOC by smectites have 
been shown to be affected by the clay type and its charge, the type of cation on the exchange 
phase and the type and position of the substituents on the aromatic ring (Haderlein and 
Schwarzenbach, 1993, Haderlein et al., 1996; Weissmahr et al., 1997). 
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In 1997 Weissmahr et al. used 1, 3, 5- trinitrobenzene (1, 3, 5- TNB) as a probe 
molecule to study interactions between NAC's and smectites. This was based on comparison 
ofFTIR spectra of sorbed 1, 3, 5 -TNB to K-and Cs-exchanged hectorite. These cations 
showed relatively small shifts in the positions of the N02 stretching bands, leading them to 
conclude that exchangeable cations or water surrounding the cations did not contribute to 
sorption of 1, 3, 5-TNB by hectorite. By contrast, several other studies show that 
exchangeable cations having different hydration energies can directly or indirectly interact 
with the N02 group of the NAC molecule during sorption, causing shifts in the positions of 
the N02 stretching bands (Saltzman and Yariv, 1975; Sheng et al., 2001; Boyd et al., 2001; 
Johnston et al., 2001; Sheng et al., 2002 and Li et al., 2003). 
In 2001, Boyd et al. used FTIR spectroscopy to understand the sorption mechanism of 
1, 3, 5-TNB on K-, Na-, Mg-, Ca- and Ba-saturated SWy-1 clay films. The spectroscopic 
data revealed the greatest shift in the N02 vibrational mode of 1, 3, 5-TNB upon adsorption 
. 2+ d c 2+) to the K- saturated SWy-1. By contrast the more strongly hydrated cat10ns (Mg an a 
had little influence on the N02 stretching band, indicating that there was minimal interaction 
between these cations and the N02 group ofTNB. The N02 group they concluded 
coordinated directly with the weakly hydrated cation (K+) through inner sphere complexation 
and to polarized water molecules surrounding the more strongly hydrated cations through 
outer sphere complexation. 
A companion study (Johnston et al., 2001) used FTIR spectroscopy to evaluate the 
potential role of exchangeable cations to the sorption of 1, 3, 5-TNB and 1, 4-DNB 
(dinitrobenzene) on three smectites (SWy-1, SAz-1 and SHCa-1) saturated with Na, K, Mg, 
Ca and Ba. They observed that the exchangeable cation significantly influenced the positions 
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and relative intensities of the symmetric and asymmetric N02 vibrational bands ofDNOC. 
The strongest perturbations were observed for cations with lower enthalpies of hydration 
(K+) and included a red shift of the Pasym (NO) band and a blue shift of the Psym (NO) band. 
These changes were accompanied by a two-fold increase in the relative intensity of the Pasym 
(NO) band relative to the intensity of the Psym (NO) band. Their molecular quantum mechanic 
calculations indicated that sorption ofNAC's to smectite surfaces was controlled chiefly by 
the hydration characteristics of the exchangeable cation, which regulates both the cation-
nitroaromatic complexation and swelling of the smectite. 
In 2002, Johnston et al. studied the sorption of two dinitrophenolic herbicides to 
smectites (SWy-1, SAz-1 and SHCa-1) saturated with cations of varying hydration energies 
(i.e., Na, K, Cs, Mg, Ca and Ba). They attributed the high affinity of smectites for the NAC's 
to site-specific interactions with exchangeable cations and non-specific Van der Waals 
interactions with the siloxane surface. The positions of the Pasym (NO) and the Psym(NO) 
vibrational modes were perturbed by the presence of exchangeable cations. They also 
investigated the influence of clay type by collecting FTIR spectra ofDNOC adsorbed to K-
saturated smectites. They studied a SWy-1 (a low-charge-density, dioctahedral 
montmorillonite); SAz-l(a high-charge-density, dioctahedral montmorillonite) and SHCa-1 
(a trioctahedral hectorite).The spectra showed very similar trends regarding the positions of 
the v(NO) bands and therefore did not indicate clay type to contribute to DNOC sorption. 
Similar results were reported before (Weissmahr et al., 1997). 
The specific mechanisms ofDNOC interactions with smectites in aqueous solution 
are not fully understood. Two bonding mechanisms have been suggested so far. One 
mechanism suggests the formation of an electron donor-acceptor (EDA) surface complex 
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between the aromatic ring of the nitroaromatic compound and the siloxane surface (Haderlein 
and Schwarzenbach, 1993, Haderlein et al., 1996; Weissmahr et al., 1997). The second 
mechanism attributes sorption of nitroaromatics by smectites to non-specific short-range 
dispersion interactions or Van der Waals type interactions (Pelmenschikov and Leszczynski, 
1999; Sheng et al., 2001; Boyd et al., 2001; Johnston et al., 2001; Johnston et al., 2002; 
Sheng et al., 2002). In Chapter 2, we shed light on the sorption mechanism ofDNOC to K+ 
and Ca2+ -saturated reference smectites (SWy-2 and SAz-1) in aqueous suspensions at 
varying pH. 
Cation valence and layer charge density of smectites are both equally important 
factors to be considered when understanding the interaction between a DNOC molecule and 
smectite. The contribution of cation valence to DNOC sorption has been well established 
through spectroscopic studies. Previous adsorption studies signify the impact of layer charge 
density of smectites on sorption ofDNOC (Johnston et. al., 2001; Sheng et al., 2001; Sheng 
et al., 2002, Li et al., 2003). However spectroscopic studies to date have not shown a layer 
charge density induced shift in the N02 band ofDNOC on adsorption (Weissmahr et al., 
1997; Johnston et al., 2002). There is therefore a lack of spectroscopic information on the 
extent of contribution of charge density towards DNOC sorption. Since our adsorption 
studies in Chapter 2 indicate the importance of layer charge density we hypothesize that the 
affinity of smectites for DNOC will be influenced by layer charge density of smectites. 
Previous studies have documented that the interaction between DNOC and 
exchangeable cations in smectites can induce shifts in the symmetric and asymmetric 
stretching bands of the N02 group ofDNOC. We therefore hypothesize that layer charge 
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density will induce a spectral shift in both, the symmetric and asymmetric stretching bands of 
the N02 group of DNOC. 
The objective of this study is to develop an improved understanding of the role of 
layer charge density of smectites on DNOC sorption using FTIR spectroscopy. 
Materials and Methods 
Reference smectites: 
Reference smectites (SWy-2 and SAz-1) were obtained from the Source Clays 
Repository of the Clay Minerals Society maintained at Purdue University, IN. The Wyoming 
montmorillonite (SWy-2) was collected from Crook County, WY; and the Arizona 
montmorillonite (SAz-1) was collected from Apache County, AZ. Smectite physical 
properties have been previously recorded (Costanzo, 2001). 
Carbonates were removed from SWy-2 by reacting 500 g ofSWy-2 with 10 L of0.5 
M sodium acetate buffer at pH 5.0 for two days (Gee and Bauder, 1986). Excess buffer was 
removed by repeated washing of the treated clay with deionized water over a period of 5 
days. 
A homoionic Na-montmorillonite suspension was prepared by adding 400 g of NaCl 
to a 10 L suspension of SWy-2. The mixture was stirred for 30 minutes every 8 hours for a 
period of one week and supernatant was repeatedly siphoned and replaced with an equal 
volume of deionized water. The supernatant containing the < 2 µm clay size fraction was de-
watered by vacuum extraction using an auto-irrigation flask. 
The < 2 µm clay fraction was saturated with K+ and Ca2+ by treating clays with 5 L of 
0.5 M KCl and CaCh solutions respectively. The ion saturated clay fractions were collected 
for18 days and then de-watered in an auto-irrigation flask. The K-SWy-2 clay was then 
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dialyzed progressively using Spectra/Por 3 membrane dialysis tubing against a 0.1 M, 0.01 M 
and 0.001 M KCl solutions over a nine-day period. During the dialysis the electrolyte was 
refreshed three times per day until electrical conductivity achieved constant value. Similarly 
the Ca-SWy-2 clay suspension was dialyzed progressively against 0.05 M, 0.005 Mand 
0.0005 M CaClz solutions. 
Sodium acetate buffer treatment was not performed on the SAz-1 as it was free of 
carbonates. Otherwise the same methods of size fractionation, dialysis and ion saturation 
described above were used to prepare K-SAz-1 and Ca-SAz-1 suspensions. Half of each of 
the prepared clay suspensions were lyophilized and are referred to as the 'freeze-dried' clays. 
The remaining halves were stored in suspension form and are referred to as the 'never-dried' 
clay suspensions. 
4, 6-dinitro-o-cresol herbicide: 
4, 6-dinitro-o-cresol used for adsorption studies was purchased from Aldrich 
Chemical Company, Inc. (Milwaukee, WI) with purity> 97 % and was used as received. The 
structure ofDNOC molecule and some physicochemical properties have been described in 
Chapter 2. A DNOC solution (150 mg L-1) in Milli-Q water was prepared and had a natural 
pH of about 3.2. To adjust the pH ofDNOC form 3 to 7 a few drops of0.01MHCl,0.01 M 
KOH or 0.005 M Ca (OH) 2 were added accordingly. 
Never-dried suspensions: 
The K+ and Ca2+ saturated SWy-2 and SAz-1 never dried suspensions were adjusted 
to the desired solid solution ratio of 100 mg clay per mL of electrolyte by adding appropriate 
amounts of either O.OOlMKCl or 0.0005 M CaClz respectively. The suspensions were then 
shaken on a side-to-side shaker for 24 hours at 25° C. 
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pH adjustment of suspensions and equilibration: 
The smectite suspensions and DNOC solutions were adjusted to desired pHs of 3, 4 
and 6 by adding a few drops of0.01MHCl,0.01 MKOH or 0.005 MCa(OH) 2• The pH-
adjusted DNOC (150 mg L-I) was then added to the pH-adjusted smectite suspensions to 
make up a final volume of 10 mL. Final concentration ofDNOC was 120 mg L-I with a 
solid-solution ratio of 10 mg mL-I. Blank clay suspensions without DNOC at each pH value 
were also prepared. The tubes were shaken on a side-to-side shaker for 24 hours at 25° C to 
achieve equilibration. 
Preparation of clay films: 
The equilibrated suspensions were removed from the shaker, pH was measured and 1 
mL was extracted onto a piece of Saranwrap® and left to air-dry overnight at 25° C and 40 % 
relative humidity. The air-dried clay films were analyzed using a Perkin-Elmer GX 2000 
Fourier transform infrared (FTIR) spectrometer equipped with deuterated triglycine (DTGS) 
and mercury-cadmium-telluride (MCT) detectors, an internal wire grid IR polarizer, a KBr 
beam splitter, and a sample compartment purged with dry air (Boyd et al., 2001). The 
unapodized resolution for the FTIR spectra was 2.0 cm-I, and a total of 64 scans were 
collected for each spectrum. A Perkin Elmer beam condenser was used in the sample 
chamber to run smaller size samples. 
Spectral analysis and interpretation: 
Peak absorbance value of the v (OH) band for structural OH groups at 3630 cm-I was 
used to normalize the FTIR spectra and account for variable thickness of the clay films 
(Johnston et al. 2002). The intensity of v (OH) band was also used for baseline correction and 
normalization of the FTIR spectra. A GRAMS/32 program (Galactic software) was used to 
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analyze and plot spectra. The intensities of the DNOC bands were determined using curve 
fitting with a combined Lorentz and Gaussian line shape. 
Results 
Interaction of DNOC with K- and Ca- exchanged smectites: 
The spectral feature of interest is the v sym(NO) band in the 1370-1320 cm-1 region. 
This region of the N02 stretching band of sorbed DNOC on K-SWy-2 and Ca-SWy-2 is 
shown in Figure 1. Analysis of the N02 stretching bands is complicated by the fact that four 
v (NO) bands exist, two are the asymmetric stretching vibrations ofN02 groups in 1550-
1510 cm-1 regions and two are the symmetric stretching vibrations 1351-1325 cm-1 region. A 
shift in position or intensity of one band often results in a corresponding shift of the 
remaining three. The spectrum in Figure 1 represents the most intense DNOC bands, which 
are the symmetric N02 stretching bands at 1351 and 1334 cm-1 respectively. A higher energy 
(blue shift) is observed for the v sym(NO) band to 1349 cm-1 for K-SWy-2 relative to the lower 
energy (red shift) of the v sym(NO) band at 1347 cm-1 for Ca-SWy-2. Figure 2 shows the FTIR 
spectra in the 1370-1320 cm-1 region of the N02 stretching band of sorbed DNOC on K-SAz-
1 and Ca-SAz-1, respectively. Again, these spectra show a higher energy (blue shift) of the v 
sym(NO) band for K-SAz-1 to 1350 cm-1 relative to the lower energy (red shift) of the v sym 
(NO) band ofCa-SAz-1at1348 cm-1• 
Interaction of DNOC with low and high-charge-density smectites: 
The FTIR spectra in Figure 3 show the N02 stretching bands in the 1370-1320 cm-1 
regions for sorbed DNOC on Ca-SWy-2 and Ca-SAz-1. A blue shift to 1349 cm-1 is observed 
for the v sym(NO) band of the high-charge-density smectite (Ca-SAz-1) relative to the v sym 
(NO) band for the low-charge-density smectite (Ca-SWy-2) at 1348 cm-1 at pH 4. Figure 4 
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signifies the FTIR spectra in the 13 70-1320 cm-1 region of the N02 stretching band of sorbed 
DNOC on K-SWy-2 and K-SAz-1, respectively. Again a blue shift to 1350 cm-1 is observed 
for K-SAz-1 relative to the v sym(NO) band for K-SWy-2 at 1349 cm-1. 
Asymmetric stretching bands of N02 groups: 
Two asymmetric stretching vibrations ofN02 groups occur in 1550-1510 cm-1 region 
of the spectrum. A small blue shift is observed (Figure 5) to about 1554 cm-1 for the llasym 
(NO) band of Ca-SAz-1 relative to the llasym (NO) band for K-SAz-1 at 1552.5 cm-1• A similar 
spectral shift of the llasym (NO) band is not observed for K-SWy-2 relative to Ca-SWy-2. 
Discussion 
Cation valence influenced shift in spectra: 
The shift in position of the symmetric N02 stretching band (Figure 1 and Figure 2) is 
attributed to the nature of the exchangeable cation. In the case of the strongly hydrated cation 
like Ca2+, a low-energy shift or less perturbation of the symmetric N02 band suggests outer 
sphere complexation between DNOC and this cation. The N02 substituents ofDNOC can 
coordinate strongly with a weakly hydrated cation like K+ through inner-sphere complexation 
as well as to polarized water molecules surrounding the cation through outer-sphere 
complexation. This coordination induces a blue shift of the v sym(NO) band from about 1347 
to 1349 cm-1in K-SWy-2 relative to Ca-SWy-2 (Figure 1). A similar blue shift of the v sym 
(NO) band is observed for K-SAz-1 from about 1348 to 1350 cm-1 compared to that of Ca-
SAz-1 (Figure 2). A difference in wave number of about 2 cm-1 can be attributed to a cation-
valence influenced shift in the v sym(NO) band. These data are consistent with previous 
studies (Weissmahr et al., 1997; Boyd et al., 2001; Johnston et al., 2001; Johnston et al., 
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2002) that showed the positions of the N02 bands during sorption of a nitroaromatic were 
influenced by the type of exchangeable cation. 
Layer charge density influenced shift in spectra: 
Higher sorption of DNOC on low-charge-density smectites relative to the high-
charge-density smectites was demonstrated in Chapter 2. This could be explained by the 
presence of more sorption sites on the siloxane surface of the low-charge-density smectites or 
greater binding energy between the cation in the low-charge-density smectite and DNOC. 
Since the cations saturating the smectite (Ca2+ in Figure 3 and K+ in Figure 4) were the same, 
the shift in position of the symmetric N02 stretching band in the FTIR spectra can be 
attributed to the effect oflayer charge density. The N02 group ofDNOC on interaction with 
the cations (K+ and Ca2+) in the high-charge-density smectite show a high energy (blue shift) 
to 1350 cm-1 and 1349 cm-1 relative to the v sym(NO) bands for the low-charge-density 
smectites, K-SWy-2 and Ca-SWy-2 at 1349 cm-1 and 1348 cm-1, respectively. Because 
cations in the interlayer of the low-charge-density smectite are spaced farther apart from each 
other horizontally, there is less disruption of the network of water molecules surrounding 
each cation compared to that experienced by the high-charge-density smectite. Hence, 
cations in the interlayers experience a greater shielding effect (stronger ion-dipole 
interactions) by the water molecules surrounding them. This shielding effect would result in a 
weaker interaction between the cation (K+ or Ca2+) and the N02 substituent on the DNOC 
molecule, as is reflected by the observed change in position of the v sym(NO) band. 
Our results (Figure 5) show a blue shift of the Pasym (NO) band for Ca-SAz-1 relative 
to K-SAz-1 that is comparable to the spectral shift observed for the Psym (NO) band. The 
high-energy shift to 1555 cm-1 for Ca-SAz-1 relative to K-SAz-1 (Figure 5) appears to be a 
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cation related shift that is observed only for the high-charge-density smectites. We earlier 
hypothesized that we would observe simultaneous shifts in the symmetric and asymmetric 
bands of the N02 groups ofDNOC; however our results do not validate this hypothesis. A 
clear explanation for these results is not apparent at this time but requires further 
investigation. 
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CHAPTER4 
A COMPARISON XRD STUDY OF DINITROPHENOL SORPTION ON 
SMECTITES IN AQUEOUS SUSPENSIONS AND SMECTITE FILMS 
AT VARYING pH 
Abstract 
In this study we investigated whether sorption of 4, 6 dinitrophenol (DNOC) occurs 
within the interlayers or on the external surfaces of smectites. Previous XRD studies have 
shown that DNOC may occupy the interlayers of smectites. However in these studies, XRD 
analyses conducted on air-dried and oven-dried smectite films were compared to adsorption 
data in aqueous suspensions. In this study, we compare XRD patterns of treated smectites 
(SWy-2 and SAz-1) saturated with K+ and Ca2+ in aqueous suspensions with XRD patterns of 
treated air-dried and oven-dried smectite films. Suspension XRD showed that K-saturated 
smectites were highly delaminated and DNOC was adsorbed on the external surfaces. 
Suspension XRD of Ca-saturated smectites, however, showed that quasicrystals existed and 
therefore internal surfaces were accessible to DNOC. Broad, asymmetric XRD peaks and 
small peak shifts for air-dried and oven-dried K-SWy-2 on DNOC sorption indicates that 
DNOC was in the interlayers of K-SWy-2. XRD patterns of air-dried and oven-dried K-SAz-
1 showed very broad peaks, which might have obscured any presence ofDNOC in the 
interlayer. Asymmetric XRD peaks for oven-dried Ca-smectite films showed that DNOC was 
present but not in the interlayer of smectites. Results indicate that treatments like air-drying 
and oven-drying can cause DNOC adsorbed on external surfaces of smectites in suspensions 
to become trapped on dehydrating. XRD analysis of these treated films would emerge as 
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DNOC occupying the interlayers and therefore not represent the conditions that actually exist 
in aqueous suspensions during adsorption studies. 
Introduction 
2-methyl-4, 6-dinitrophenol ( 4, 6-dinitro-a-cresol, abbreviated as DNOC) has been 
one of the most commonly used nitroaromatic herbicides. Some of the former uses were as a 
contact herbicide for the control of broad-leaved weeds in cereals and for the pre-harvest 
desiccation of potatoes and leguminous seed crops, larvicide, dormant spray insecticide 
especially for fruit trees or on waste grounds to kill locusts and other insects. Most recent 
uses are as an inhibitor of polymerization in styrene and vinyl and for insecticidal spraying 
(Hawley, 1981, U.S. EPA, 1988). Insecticidal spraying is probably the major emission source 
ofDNOC to the environment (U.S. EPA, 1988). Although the U.S-EPA cancelled 
registration of this pesticide, volumes of obsolete stocks still exist and DNOC is being used 
in some developing countries around the world (IPCS, 2000). Use of this compound over 
time has resulted in contamination of soils, sediments, ground water, aquifers and streams. 
The environmental fate ofthis compound has therefore raised concern over recent years. 
Natural organic matter and clay minerals are the two soil components considered 
most chemically active. By functioning as sorbents they may impact the environmental fate 
of contaminants such as DNOC. Among the various clay minerals, smectites due to their 
widespread occurrence and relatively high surface areas ( ~ 800 m2 I g) are considered 
important in this regard. Many previous studies have investigated conditions under which the 
mineral-phase is the dominant sorbent for organic compounds in whole soils (Karickhoff, 
1984; Grundl and Small, 1993; Hassett et al., 1981). Their conclusion was that this occurred 
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when the clay to organic matter ratio was sufficiently high (i.e., > 10-30) and was especially 
important for polar organic compounds. 
Recent studies have demonstrated the potential contribution of smectites to pesticide 
retention in soils. Atrazine adsorption by 13 Ca-saturated smectites ranged from very low to 
nearly complete removal from water, and was found to be inversely related to smectite 
properties such as layer charge density and cation exchange capacity (Laird et al., 1992). The 
pH of the smectite-water suspensions ranged from 4.75-6.45, well above the pKa of atrazine 
(1. 7), it was concluded that atrazine was adsorbed as a neutral species. Most recently 
Chappell et al. (2005) explored the influence of hydration and swelling of smectites on 
sorption behavior of atrazine. Their experiments showed that air-drying smectites produced a 
decrease in the interlayer basal spacing in K-saturated smectites but no change was observed 
for Ca-saturated smectites. Air-drying K-saturated smectites produced an increase in the 
sorption affinity for atrazine by an order of magnitude more than for Ca-saturated air-dried 
smectites. They concluded that the hydration status of smectite interlayers had a large 
influence on sorption of the organic and sample treatment such as air- drying could impact 
the sorption affinity of smectites for the organic molecules. 
Several other studies have shown that layer charge density of smectites can influence 
the extent of sorption of organic compounds. These results establish an inverse relationship 
between pesticide sorption and layer charge as well as the impact of layer charge on the size 
of the adsorption domains (Jaynes and Boyd, 1990; 1991; Lee et al., 1990; Laird et al., 1992; 
Boyd and Jaynes, 1994; Laird, 1996; Sheng et al., 2002). 
Adsorption of nitro-substituted aromatic compounds by smectites have been shown to 
be affected by the clay type and its charge, the type of cation on the exchange phase and the 
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type and position of the substituents on the aromatic ring (Haderlein and Schwarzenbach, 
1993; Haderlein et al., 1996; Weissmahr et al., 1997). Several studies thereafter have shown 
the influence of exchangeable cations on smectite surface to the adsorption ofNACs such as 
DNOC (Sheng et al., 2001; Boyd et al., 2001; Johnston et al., 2001; Sheng et al., 2002 and Li 
et al., 2003). 
In 2001 Sheng et al. studied the sorption of seven pesticides on a K-saturated 
reference smectite (K-SWy-2) and soil organic matter (muck soil). They discovered that for 
the sorption of atrazine, carbaryl, dichlobenil and dinitro-o-cresol, the smectite was an 
efficient sorbent compared to SOM, of which DNOC was adsorbed to the greatest extent 
(> 13 times sorption on smectite than SOM). They used XRD studies to understand the 
position ofDNOC in K-SWy-2 during adsorption. They found that there was an increase in 
basal spacing ofK-SWy-2 with increased sorption ofDNOC. Due to the broad symmetric 
nature of the peaks they concluded that DNOC was randomly interstratified in the interlayers 
of K-SWy-2. The measured d-spacings showed a continuum of domains ranged from a 
completely dehydrated K-SWy-2 (1.0 nm) to an interlayer containing a monolayer ofK+, 
water and/or DNOC (1.2- 1.3 nm). Increased loading ofDNOC increased the d-spacing from 
1.0 nm to about 1.22 nm, which led them to conclude that DNOC was intercalated in the 
interlamellar region of the clay. They calculated the surface area of K-SWy-2 occupied by 
DNOC to be about 10 % and if it were in the interlayers interacting with the opposite 
siloxane surfaces, the molecule might occupy about 20 % of the surface area ofK-SWy-2. 
Shortly thereafter Sheng et al., (2002) studied adsorption of two dinitrophenol 
herbicides (DNOC and dinoseb) by reference smectites (SWy-2 and SAz-1) using a 
combination of XRD studies, molecular dynamic simulations and FTIR spectroscopy. The 
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smectites were exchanged with various cations (K+, Cs+, Na+, Ca2+, Ba2+ and Al3+), and 
subjected to charge reduction. They found that nature of the exchangeable cation could 
influence the interlayer spacing of air-dried clay films and thereby influence sorption affinity 
for DNOC. Weakly hydrated cations (K+ and Cs+) resulted in greater sorption ofDNOC 
compared to the more strongly hydrated cations (Ca2+ and Na+). The low hydration favored 
direct interactions between the cations and the N02 groups ofDNOC thereby manifesting 
optimal interlayer spacing for DNOC sorption. An optimal interlayer spacing of 1.2-1.25 nm 
was maintained in the presence ofDNOC regardless of re-hydration of the air-dried K-SWy-
2. They concluded that this optimal d-spacing allowed DNOC molecules to interact with 
opposing clay layers thereby minimizing DNOC-water interactions. By mathematical 
calculations they also showed that layer charge density of smectites could affect sorption of 
DNOC by controlling the size of the sorption domains. 
Most recently Li et al., (2003) studied the adsorption of DNOC on ion-saturated 
reference smectites and on humic substances. Results emphasized the importance of the size 
of the hydration sphere of interlayer cation as well as the charge density of the clay during 
adsorption of DNOC. XRD patterns showed a shift in the d-spacing of K-SWy-2 from 1.0 
nm to about 1.22 nm, with increased loading of the compound as direct evidence ofDNOC 
occupying the interlayer space. At high DNOC loadings(> 40 mg kg-1) re-hydration of the 
air-dried K-SWy-2 (100 % R.H.) did not result in further expansion of the clay interlayers, 
whereas air-dried K-SWy-2 samples without DNOC showed expansion to 1.5 nm when 
exposed to 100 % R. H. 
The specific mechanisms ofDNOC interactions with smectites in aqueous 
suspensions are not fully understood. Two bonding mechanisms have been suggested. One 
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mechanism suggests the formation of an electron donor-acceptor (EDA) surface complex 
between the aromatic ring of the nitroaromatic compound and the siloxane surface (Haderlein 
and Schwarzenbach, 1993, Haderlein et al., 1996; Weissmahr et al., 1997). The second 
mechanism explains sorption of nitroaromatics by smectites to non-specific short-range 
dispersion interactions or Van der Waals type interactions (Pelmenschikov and Leszczynski, 
1999; Sheng et al., 2001; Boyd et al., 2001; Johnston et al., 2001; Johnston et al., 2002; 
Sheng et al., 2002). In Chapter 2, we shed light on the sorption mechanism ofDNOC to K+ 
and Ca2+ -saturated reference smectites (SWy-2 and SAz-1) in aqueous suspensions at 
varying pH. 
The studies cited above, along with experimental evidence provided herein have 
contributed to understanding the interaction between DNOC and smectites. However, to fully 
understand the binding interaction between DNOC and smectites, additional studies are 
required. Previous studies have concluded that DNOC-smectite interactions occur mainly 
within the interlayers of smectites. These studies however are based on XRD analysis of air-
dried smectite films that were formed when clay suspensions were dehydrated, and do not 
represent conditions that existed in aqueous suspensions. We therefore hypothesize that 
adsorption of DNOC in aqueous suspensions occurs on the external surfaces of smectites. 
The specific objective of this study was to determine whether the adsorption of 
DNOC occurs within the interlayers or on the external surfaces of smectites at varying pH 
Materials and Methods 
Reference smectites: 
Reference smectites used in this study were obtained from the Source Clays 
Repository of the Clay Minerals Society maintained at Purdue University, IN. They 
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comprised of the Wyoming montmorillonite (a low-charge-density smectite SWy-2) 
collected from Crook County, WY; and the Arizona montmorillonite (a high-charge-density 
smectite SAz-1) collected from Apache County, AZ. Detailed physical properties of these 
smectites have been previously characterized (Costanzo, 2001 ). 
SWy-2 was found to contain carbonates that were removed by adding 0.5 M sodium 
acetate buffer at pH 5 to SWy-2 for 2 days (Gee and Bauder, 1986). Repeated washing with 
deionized water over a period of 5 days helped remove any excess buffer. 
Homoionic Na-montmorillonite suspension was prepared by adding 400 g of NaCl to 
a 10 L suspension of SWy-2. The < 2 µm fraction was collected and any residual sodium 
acetate buffer and water was removed by vacuum filtration using an auto-irrigation flask. 
Sedimentation separated the< 2 µm clay size fraction from the sodium-saturated clay. 
Two equal portions of< 2 µm clay fractions were saturated with K+ and Caz+ by 
treating the clays in 0.5 MKCl and CaClz solutions, respectively. The K+ and Caz+ saturated 
clays were then dewatered in an auto-irrigation flask. The K-SWy-2 clay suspension was 
dialyzed using Spectra/Por 3 membrane dialysis tubing against a 0.1 M, 0.01Mand0.001 M 
KCl solutions. Similarly the Ca-SWy-2 clay suspension was dialyzed against a 0.05 M, 0.005 
Mand 0.0005 M CaClz solution. 
The SAz-1 was found to be free of carbonates and was therefore not treated with 
sodium acetate; otherwise size fractionation and cation saturation was carried out in the same 
manner as for SWy-2 to obtain K-SAz-1 and Ca-SAz-1 suspensions. Half the clay 
suspensions were lyophilized and labeled as the 'freeze-dried' clays. The remaining half of 




4, 6-dinitro-o-cresol was purchased from Aldrich Chemical Company, Inc. 
(Milwaukee, WI) with purity> 97 % and was used as received. A DNOC solution (150 mg 
L-1) in Milli-Q water was prepared and had a natural pH of about 3.2. To adjust the pH of 
DNOC form 3 to 7 a few drops of 0.01 MHCl, 0.01 MKOH or 0.005 M Ca (OH) 2 were 
added accordingly. 
Preparation of freeze-dried re-suspended samples: 
X-ray diffraction studies were carried out on 'freeze-dried re-suspended' smectite 
suspensions at pHs ranging from 3 to 7. Suspensions were prepared by re-suspending 100 mg 
ofK+- and Ca2+- saturated freeze-dried SWy-2 and SAz-1in0.001 MKCl or 0.0005 MCaCh 
solutions. The suspensions were shaken for 48 hrs at 25° C. 
Preparation of never-dried clay suspensions: 
Portions of the K+- and Ca2+-saturated SWy-2 and SAz-1 suspensions were diluted 
with 0.001 M KCl or 0.0005 M CaCh to the desired solid solution ratio of 100 mg clay per 
ml of electrolyte. A weighted amount of each suspension (100 mg ofK-SAz-1, Ca-SAz-1, 
CaSWy-2 and 2 g ofK-SWy-2) was shaken in a corex tube for 24 hrs at 25° C. 
X-ray diffraction studies were carried out on 'never-dried' smectite suspensions at 
pHs ranging from 3 to 7. Smectite suspensions were pH adjusted by adding a few drops of 
0.01 MHCI, 0.01 MKOH or 0.005 M Ca (OH) 2. DNOC with a matching pH was added to 
make a total 10 ml volume of 120 mg L-1 concentration. Blank suspensions without DNOC at 
pH 7 were prepared for both; the freeze-dried and never-dried clay suspensions. The tubes 
were shaken on a side-side shaker for 24 hrs at 25° C. 
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The clay suspensions were analyzed by XRD using a transmission cell similar to that 
used by Shang et al. (1995), with minor changes. The sample cell was a 1 mm thick by 5 cm 
in diameter circular plastic disc with a 3 cm diameter hole cut in the center of the disc. Two 
pieces of Mylar film attached to the external surface of the disc acted as windows for X-rays 
to pass through the suspension held within. A 5 ml syringe was used to inject about 1 ml of 
clay suspensions into the sample cell. The cell containing the suspension was then mounted 
in a transmission stage and positioned perpendicular to the zero plane of the goniometer. The 
transmission stage could be adjusted to desired rotation speed so as to ensure dispersion of 
clay particles during a sample run. 
XRD patterns were recorded using CuKa radiation (40 kV, 30 mA) on a Siemens D-
5000 Diffractometer in 8-8 configuration using a 1 mm detector slit over a range of 2 to 12° 
28. A step size of 0.05° and a scanning rate of 0.5° 28/min was used for analysis of 
suspensions. The analysis took about 15 minutes per sample. For K-SWy-2 freeze-dried and 
never dried suspensions a step size of 0.05° and a scanning rate of 0.08° 28/min was used and 
each scan took approximately 3 hours. 
Preparation of air-dried clay films: 
The pH adjusted smectite-DNOC suspensions were centrifuged at 11,951gfor25 
minutes to separate the solid and liquid phases. A small amount ( ~ 10 mg) of the smectite-
DNOC filtrate was smeared on glass microscope slides. Blank smectite suspensions (without 
DNOC) at pHs 3, 4 and 6 were similarly prepared. The glass slides containing the smectites 
were air-dried in a desiccator at 25° C. The R. H. in the desiccator was controlled at 54 % 
using a saturated salt solution of magnesium nitrate. 
Preparation of oven-dried clay films for XRD: 
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The air-dried K-saturated clay films were oven-dried at 105° C for 15 hours while the 
Ca2+ saturated clay films were oven-dried for approximately 30 hours. The oven-dried 
samples were then placed in a desiccator over desiccant to maintain R. H. at 0 % until XRD 
analysis was carried out. 
XRD analysis of air-dried and oven-dried films: 
XRD patterns of the films were collected using the same instrument as for the 
suspension XRD. A step size of 0.05° and a scanning rate of 0.5° 28/min was used for 
analysis of both, the air-dried and oven-dried clay films. The slides were mounted in 
reflection mode and the analysis took about 15 minutes per sample. The air-dried smectite 
films were run in the presence of a saturated magnesium nitrate solution to maintain R. H. at 
54 % while the oven-dried films were run under desiccated air so as to maintain R. H. at 0 %. 
Results 
Suspension XRD: 
X-ray diffraction patterns for the freeze-dried and never-dried K-saturated smectite 
suspensions are presented in Figures 1, 2, 5 and 6 respectively. X-ray diffraction analysis of 
freeze-dried and never-dried K-SWy-2 suspensions (Figure 1 and Figure 2) with DNOC at 
pH 3 and 4 revealed a very broad, diffuse 001 peak centered at 1.3 nm. This peak position is 
situated halfway between the anticipated peak positions for a two-layer hydrate (1.5 nm) and 
a one layer hydrate (1.25 nm). No peak formation was observed for the blank suspension at 
pH 7 or for K-SWy-2-DNOC suspensions at pH 6. 
The freeze-dried K-SAz-1 with DNOC and blank suspensions (Figure 5) showed very 
broad, diffuse peaks at all pHs, centered at 1.27 nm. This is close to the anticipated peak 
position for a smectite dominated by about 1 layer of interlayer water (1.25 nm). The never-
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dried XRD patterns for K-SAz-1 (Figure 6) showed better peak formation compared to the 
freeze-dried K-SAz-1 suspensions at all pHs. The XRD peaks for the never-dried K-SAz-1 
suspensions with DNOC at pHs 3 and 4 are centered at about 1.47 nm which is close to the 
anticipated peak position for a two-layer hydrate (1.5 nm). The XRD peaks for the never-
dried suspensions ofK-SAz-1 with DNOC at pH 6 and blank K-SAz-1 show a small peak 
shift to about 1.5 nm when compared toK-SAz-1 with DNOC at pHs 3 and 4, respectively. 
X-ray diffraction patterns for the freeze-dried and never-dried Ca- saturated smectite 
suspensions are presented in Figures 9, 10, 13 and 14 respectively. The freeze-dried Ca-
SWy-2 suspensions (Figure 9) show broader peaks compared to the never-dried Ca-SWy-2 
suspensions (Figure 10), centered at about 1.96 nm. The 1.96 nm basal spacing is close to the 
anticipated peak positions a four-layer hydrate (2.0 nm). The freeze-dried Ca-SAz-1 
suspensions (Figure 13) shows broader peaks compared to the never-dried Ca-SAz-1 
suspensions (Figure 14), centered at about 1.9 nm which is close to the anticipated peak 
position for a four layer hydrate (2.0 nm). In both, freeze-dried and never-dried Ca-SAz-1-
DNOC suspensions at pH 3, 4 and 6, it appears that adsorption of DNOC caused loss of 
intensity of the peak when compared to the blank suspensions at pH 7. 
XRD of air-dried and oven-dried smectite films: 
XRD patterns of air-dried K-SWy-2 films (Figure 3) reveal a slight shift in peak 
position for the samples with DNOC compared to the blanks at pH 3, 4 and 6. The peak for 
the blank-K-SWy-2 films is broad and situated at about 1.16 nm, which is between the 
anticipated peak positions for a smectite with no interlayer water (1.0 nm) and a one layer 
hydrate (1.25 nm). On DNOC adsorption, the peaks appear to be more asymmetrical in shape 
and show a small shift to about 1.18 nm. On closely observing the pattern a small LO nm 
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peak is also observed which represents the smectite with no interlayer water. Oven-drying the 
K-SWy-2 with DNOC and blank films (Figure 4) undoubtedly causes collapse of the peaks to 
1.0 nm, which is a smectite with no interlayer water. The patterns for K-SWy-2 with DNOC 
films though collapsed to 1.0 nm maintain their asymmetric shape especially at pH 3. 
The air-dried K-SAz-1 peaks (Figure 7) are broad, symmetrical and centered at about 
1.2 nm, which is close to the anticipated peak position for a one-layer hydrate (1.25 nm). 
There does not appear to be any difference in the shape of the peaks for the air-dried K-SAz-
1-DNOC films compared to the blank films. Also we do not observe any peak shift for the K-
SAz-1-DNOC films as was observed for K-SWy-2-DNOC films. The peaks for the oven-
dried K-SAz-1 films (Figure 8) are collapsed and centered at about 1.0 nm, which means that 
interlayer water is absent. The shape of the peaks for the K-SAz-1 with DNOC films at pH 3, 
4 and 6 however, appears to show a slightly asymmetric shape compared to the blank films. 
XRD peaks for air-dried and oven-dried Ca-SWy-2 are presented in Figure 11 and 
Figure 12 respectively. The air-dried Ca-SWy-2 peaks are sharper and more intense than 
those observed for the K-saturated smectite films. The peaks for the blanks and Ca-SWy-2 
with DNOC films are symmetrical and centered at about 1.5 nm with the exception ofCa-
SWy-2 with DNOC at pH 3, which has an asymmetrical peak slightly shifted to about 1.52 
nm. This is the anticipated peak position for a smectite dominated by about two layers of 
interlayer water. The peaks for the oven-dried Ca-SWy-2 blank films are completely 
collapsed to about 1.0 nm (Figure 12). These peaks appear to be slightly broader than those 
observed for the air-dried films. The oven-dried peaks for Ca-SWy-2 with DNOC at pHs 3 
and 4 appear to be more asymmetric compared to the blanks. The peak at pH 6 appears to 
have lost intensity compared to the blank at pH 6. 
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XRD patterns of the air-dried and oven-dried Ca-SAz-1 are presented in Figure 15 
and Figure 16 respectively. The peaks for the air-dried Ca-SAz-1 are broad and symmetrical 
for both, the blanks and the samples with DNOC. Peaks are centered at about 1.52 nm, which 
is close to the anticipated peak for a two-layer hydrate. The peaks for the oven-dried blank 
Ca-SAz-1 films are asymmetrical, broad and centered at about 1.0 nm. The peaks of the 
oven-dried Ca-SAz-1 with DNOC films appear to be slightly broader and more asymmetrical 
at pHs 3 and 4 compared to the peaks of the blank Ca-SAz-1 films. 
Discussion 
The XRD peaks observed for the K- smectite suspensions are broader and more 
diffuse than the peaks observed for the Ca-saturated smectite suspensions. This demonstrates 
substantial differences between the hydration status of the interlayers for the Caz+ - and the 
K+ -saturated smectite in aqueous suspensions. Divalent Caz+ can satisfy two negative charges 
on opposing surfaces of the smectite simultaneously and therefore larger quasi crystals would 
be expected in the Ca-system compared to the K-system. 
K-SWy-2 suspensions and films: 
Adsorption data from Chapter 2 showed that large amounts ofDNOC were sorbed 
over the entire pH range of 3 to 7. Asymmetric XRD peaks (Figures 3 and 4) and peak shifts 
observed here (Figure 3) show that DNOC is in the interlayers of air-dried and oven-dried K-
SWy-2. However, Figures 1 and 2 indicate that K-SWy-2 in suspension form was largely 
delaminated. Since the system comprised of very small quasi crystals, DNOC must have been 
primarily adsorbed on the exposed available external surfaces and individual layers of K-
SWy-2. These K-SWy-2 suspensions on air-drying resulted in formation oflarge 
quasicrystals. While air-drying, new, large quasicrystals formed such that DNOC that was 
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originally on the external surfaces got trapped in the interlayers of the newly formed 
quasicrystals. Very little difference in peak intensity is observed in the freeze-dried and 
never-dried suspensions. 
K-SAz-1 suspensions and films: 
Adsorption data from Chapter 2 showed that large amounts of DNOC were sorbed 
over the entire pH range on K-SAz-1 but comparably less than on K-SWy-2. Oven-dried K-
SAz-1 (Figure 8) shows an asymmetric peak and a small peak shift at pH 3. This indicates 
that DNOC was in the interlayer of oven-dried K-SAz-1 at pH 3. A very slight loss of peak 
intensity is observed at pH 4 but no evidence shows DNOC to occupy the interlayers. The 
peaks for the air-dried K-SAz-1 (Figure 7) are very broad and therefore might obscure any 
presence ofDNOC. Suspension XRD (Figure 5) for freeze-dried K-SAz-1 shows broad, low 
intensity peaks at 1.27 nm which indicates that there was quasicrystal formation in K-SAz-1 
suspensions. Suspension XRD of never-dried K-SAz-1 (Figure 6) revealed a small peak shift 
from 1.47 nm for the K-SAz-1 with DNOC at pHs 3 and 4, to about 1.5 nm for K-SAz-1 with 
DNOC at pH 6 and blank K-SAz-1. This peak shift indicates that DNOC occupied the 
interlayer ofK-SAz-1 in suspension at pHs 3 and 4 but not at pH 6. DNOC in suspension 
therefore had the opportunity to interact with both the internal surfaces as well as the external 
surfaces of the smectite. The broad nature of oven-dried K-SAz-1 peaks (Figure 8) indicate 
that only small quasicrystals exist in the oven-dried samples and therefore there was little 
opportunity for DNOC sorbed on the external surfaces to become trapped in the interlayers of 
new quasi crystals upon drying. Chappell et al. (2005) saw an order of magnitude, increase in 
atrazine sorption of air-dried K-smectite compared to never-dried K-smectites. They 
attributed this difference in sorption to the hydration status of the inter layers of the never-
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dried (two-layer hydrate) K-smectite compared to the air-dried (one layer-hydrate). K-SAz-1 
suspension XRD show a difference in basal spacing for the never-dried (two-layer hydrate) 
and the freeze-dried (one-layer hydrate). However, our adsorption data from Chapter 2 show 
that a difference in the interlayer hydration status did not affect the affinity ofK-SAz-1 for 
DNOC. This suggests that DNOC does not exist in the interlayers ofK-SAz-1, except at pHs 
3 and 4. 
Ca-SWy-2 suspensions and films: 
Adsorption data from Chapter 2 indicate that large amounts ofDNOC were sorbed by 
Ca-SWy-2 at pH 3 (80 % DNOC) but only small amounts were sorbed at pH 4 and above. 
An XRD peak shift at pH 3 for the air-dried Ca-SWy-2 (Figure 11) shows that DNOC 
occupied the interlayer at pH 3. Further observing the XRD pattern of oven-dried Ca-SWy-2 
(Figure 12), at pHs 3, 4 and 6 we observe a loss in peak intensity not accompanied by a peak 
shift. The peaks at pHs 3 and 4 appear to be more asymmetric than at pH 6 when compared 
to the blank films at same pH's. The loss in peak intensity suggests that the quasicrystals are 
smaller in the presence of DNOC but DNOC is not present in the interlayer. Suspension 
XRD (Figures 9 and 10) show distinct 1.9 nm peaks, indicating the existence oflarge 
quasi crystals in the Ca-SWy-2 suspensions. In the presence of these large quasi crystals in 
suspension, DNOC could have been sorbed on internal as well as external surfaces. However 
air-dried XRD patterns indicate that DNOC occupied the interlayers of Ca-SWy-2 only at 
pHs 3. This pH is below or close to the pKa ofDNOC (4.4), so it is possible that only the 
neutral form of DNOC could be adsorbed in the interlayers. 
Ca-SAz-1 suspensions and films: 
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Only small amounts of DNOC were adsorbed by Ca-SAz-1 suspensions over the 
entire pH range (Chapter 2). XRD peaks for oven-dried Ca-SAz-1 (Figure 16) at pH 3 and 
pH 4 appear to be very broad and asymmetric. At pH 6 we observe only a little broadening of 
the peak. This shows that DNOC was not present in the interlayers ofCa-SAz-1 at pHs 3, 4 
and 6. XRD patterns for both, the never-dried and freeze-dried Ca-SAz-1 suspensions 
(Figures 13 and 14), have peaks at 1.96 nm, which means there were four layers of interlayer 
water. Also the patterns show an obvious loss in intensity when DNOC is present relative to 
the blank. This indicates that the presence ofDNOC encouraged the formation of smaller 
quasicrystals in aqueous suspensions. One possible explanation is that sorption of DNOC on 
external surfaces somehow inhibited formation of large quasicrystals. 
In summary, our results suggest that DNOC is primarily sorbed on external surfaces 
of smectites. More sorption of DNOC by K-smectites compared to Ca-smectites may be 
partially related to the greater availability of external surfaces in the K-smectite suspensions. 
As shown in Chapter 2, adsorption ofK-DNOC complexes also likely contributes to the high 
sorption of DNOC by K-smectites. At low pHs (below the pKa), DNOC may be sorbed in the 
interlayers of Ca-smectites as a neutral species. However, at higher pHs the anionic form of 
DNOC would experience electrostatic repulsion from the negatively charged sites along the 
basal surfaces of smectites. The anionic form of DNOC however can interact with positively 
charged, variable charged sites along the lateral surfaces of smectites. The adsorption of 
DNOC on these edge sites might inhibit formation of large quasicrystals in suspensions of 
Ca-SAz-1, by encouraging edge-face interactions between lamellae of smectites. 
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Figure 1. Suspension XRD of freeze-dried K-SWy-2 
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- K-SWy-2 with DNOC pH 6 
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Figure 3. XRD pattern of air-dried K-SWy-2 at 54 % R. H. 
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Figure 4. XRD pattern of oven-dried (105° C) K-SWy-2 at 0 % R. H. 
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Figure 5. Suspension XRD of freeze-dried K-SAz-1 
1.5 nm 
2 3 4 5 6 7 8 9 
Degrees 2- theta 
Figure 6. Suspension XRD of never-dried K-SAz-1 
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Figure 7. XRD patterns of air-dried K-SAz-1 at 54 % R.H. 
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Figure 8. XRD pattern of oven-dried (105° C) K-SAz-1 at 0 % R.H. 
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Figure 9. Suspension XRD of freeze-dried Ca-SWy-2 
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Figure 10. Suspension XRD of never-dried Ca-SWy-2 
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Figure 11. XRD patterns of air-dried Ca-SWy-2 at 54 % R.H. 
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Figure 12. XRD patterns of oven-dried (105° C) Ca-SWy-2 at 0 % R.H. 
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Figure 13. Suspension XRD of freeze-dried Ca-SAz-1 
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Figure 14. Suspension XRD of never-dried Ca-SAz-1 
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Figure 15. XRD patterns of air-dried Ca-SAz-1 at 54 % R. H. 
l.Onm 
- Ca-SAz-1 blank pH 6 
- Ca-SAz-1 with DNOC pH 6 
Ca-SAz-1 blank pH 4 
- Ca-SAz-1 with DNOC pH 4 
- Ca-SAz-1 blank pH 3 
- Ca-SAz-1 with DNOC pH 3 
2 3 4 5 6 7 8 9 10 11 12 
Degrees 2 theta 




The specific binding mechanisms of DNOC to smectites are not fully understood. 
This study was conducted to provide some insight into the sorption behavior of DNOC on 
smectites in aqueous suspensions and thereby better understand its mobility and retention in 
the environment. 
In Chapter 2 we quantified the extent ofDNOC adsorption by smectites in aqueous 
suspensions and evaluated the impact of pH and sample treatment (freeze-drying) on 
smectites during DNOC sorption. We hypothesized that smectite surface acidity might affect 
DNOC adsorption. The general conclusions of this study were that DNOC adsorption 
increased as pH decreased. More DNOC was adsorbed by low-charge-density smectites 
(SWy-2) compared to the high-charge-density (SAz-1) smectites. In the case of Ca-SWy-2 
smectites in suspension, high DNOC sorption at pH 3 and 4 suggested adsorption of the 
neutral form ofDNOC in the interlayers. Our study showed that large amounts ofDNOC 
were adsorbed on K+ smectites at pH's well above the pKa ofDNOC. The surface acidity 
hypothesis was discounted as the DNOC sorption continued through the entire pH range and 
was observed only for the K-saturated smectites in aqueous suspensions. We then 
hypothesized that complexation between DNOC and an exchangeable cation was the 
dominant mechanism influencing sorption ofDNOC at pH's above its pKa. ICP-AES results 
of the filtered supematants ofK-SAz-1-DNOC systems revealed co-adsorption ofK+ with 
DNOC through the entire pH range. Similar co-adsorption of Ca2+ and DNOC through the 
entire pH range was not observed from ICP-AES data for Ca-SWy-2-DNOC systems, which 
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suggests that at high pHs anionic DNOC might be adsorbed along the positively charged 
edge sites of the smectite. 
In Chapter 3 we evaluated the influence of layer charge density of smectites on 
DNOC adsorption through FTIR spectroscopic studies. The cation influenced spectral shift of 
the Vsyrn (NO) band indicated that the N02 group ofDNOC formed a stronger bond with K+ 
compared to Ca2+. As the enthalpy of cation hydration decreased, the cation interacted more 
directly with the -N02 substituents of the DNOC molecule. FTIR data also revealed that 
layer charge density influenced the spectral shift in the Vsym (NO) band ofDNOC. The N02 
group ofDNOC had a stronger interaction with cations (K+ and Ca2+) in the high-charge-
density smectite compared to the low-charge-density smectite. This could be attributed to the 
weaker shielding effect experienced by the cations in the interlayers of the high-charge-
density smectite resulting in a stronger interaction between the cation and the N02 group of 
DNOC. 
Finally, in Chapter 4 we investigated whether sorption of (DNOC) occurred within 
the interlayers or on the external surfaces of smectites. Suspension XRD showed that K-
SWy-2 smectites were highly delaminated and therefore DNOC must have been primarily 
adsorbed on the external surfaces. Suspension XRD patterns for the freeze-dried and never-
dried K-SAz-1 showed that small quasicrystals existed in suspension and DNOC could 
access both, internal and external surfaces ofK-SAz-1. The never-dried K-SAz-1 XRD 
pattern showed that DNOC occupied the interlayer at pHs 3 and 4 respectively. Suspension 
XRD of Ca-saturated smectites showed that larger quasicrystals existed. This indicated 
differences between the hydration status of the interlayers for the Ca2+ - and the K+ -saturated 
smectite in aqueous suspensions. Broad, asymmetric XRD peaks and small peak shifts for 
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air-dried and oven-dried K-SWy-2 on DNOC sorption indicated that DNOC was in the 
interlayers ofK-SWy-2. XRD patterns of air-dried and oven-dried K-SAz-1 showed very 
broad peaks, which might have obscured any presence ofDNOC in interlayer. Asymmetric 
XRD peaks for oven-dried Ca-smectite films showed that presence ofDNOC affected 
quasicrystal formation and DNOC was absent from the interlayer of Ca-smectites. 
This comprehensive study demonstrates that the nature of exchangeable cation, pH, 
layer charge density of smectites and sample treatment can influence the adsorption affinity 
of smectites for DNOC in aqueous suspensions. To provide more insight into this thesis work 
some more recommended studies include, 1) a study of the affect of temperature on 
adsorption ofDNOC, 2) the adsorption behavior ofDNOC on different clay minerals, 3) 
studying adsorption on air-dried smectites in aqueous suspensions and comparing them to the 
freeze-dried smectites in aqueous suspensions 4) to fully evaluate the ability ofDNOC to 
migrate through soil, more degradation studies are needed and the binding mechanism of the 
degradation products of DNOC could also be studied. 
